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1.1: Introduction  
Surface Science is a part of Solid State physics. Although surfaces seem to only 
represent a small part of a solid crystal, many physical and chemical processes 
take place at surfaces. Surfaces can very generally be defined as the plane 
where two different materials or two different phases of one material are in 
contact with each other. The contact between two phases of the same material 
might induce stress, which will influence the shape of the surface; the contact 
between different materials at a surface might result in a chemical reaction at 
the surface involving two or more of these materialsi.  
In this thesis I will concentrate on metallic surfaces in contact with a gas phase, 
and especially on the processes that occur on the atomic level at the metal 
surface when brought into contact with one or more gaseous species. In the 
work present in this thesis, we have focused on two main processes that occur 
when a metal surface is brought into contact with molecules or atoms in the gas 
phase: The surface itself might be structurally or chemically altered, and the 
molecules in the gas phase can be altered. The first process can be the 
roughening or oxidation of a metallic surface, and falls in the domain of surface 
science. The second process, in which a surface plays a role in the chemical 
altering of the gas phase, would by many be considered catalysis. Throughout 
our research, we have tried to link the one with the other: How can we link 
morphological or chemical changes in the surface of a metal (i.e. the catalyst) to 
changes in the chemical composition in the gas phase (i.e. the catalytic process). 
By understanding the link between the changes in or on the surface and the 
changes in the catalytic reaction, we try to unravel the atomic pathway of the 
molecules that adsorb onto, react and desorb from the catalysts surface. The 
main technique we have used to unravel this process is Surface X-Ray 
Diffraction (SXRD). This technique has been used for many years already to 
gather atomically detailed information about the surface structure and 
composition of solids. The novelty is that we can perform SXRD experiments 
                                                 
i This specific discipline of chemical reactions between a gas and a solid, which falls 
within the field of surface science, is commonly called surface chemistry. One of the 
pioneers of surface chemistry, Gerhard Ertl, was awarded the Nobel Prize in chemistry 
in 2007 for his contribution to the understanding of the interaction between gasses and 
solid surfaces.  
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while the catalytic reaction is actually running, i.e. while the catalyst is 
operating, making this Operando SXRD.  
In this first chapter I will give an introduction into the basic processes of 
heterogeneous catalysis, the influence of gasses on surfaces and the techniques 
we and others have used to investigate the surface of catalysts. To understand 
the data, results and conclusions presented later on in this thesis, I will also give 
an introduction to the atomic structure of surfaces. I will introduce the 
formalism used to describe surfaces on the atomic level, and use this to explain 
the basic principles of Surface X-Ray Diffraction. 
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1.2: Heterogeneous catalysis  
1.2.1: Catalysts 
A catalyst is a substance that accelerates a chemical reaction, without itself 
being consumed by this same reaction. In heterogeneous catalysis, the catalyst 
is in another state than the reactants, e.g. a solid catalyst in contact with a 
reactant gas mixture. The oldest (1909) large scale application of heterogeneous 
catalysis is the formation of ammonia, a substance extensively used in 
fertilizers and indispensable for modern agriculture by Fritz Haber and Carl 
Bosch [1].  
With a solid catalyst the reaction generally takes place at, or within several 
atomic distances of the catalysts surface. The catalyst surface can play several 
roles in order to accelerate the reaction.  
1) The surface offers a 2D matrix of adsorption sites which acts as a 
simple trap where the chance for the different species from the gas 
phase to come into contact with each other is much greater than in the 
gas phase. 
2) The catalyst surface alters (lowers) the energetic barrier that must be 
overcome to go from the reactants to the reaction product. This 
effectively lowers the temperature at which the reaction will run, or 
equivalently accelerates the reaction at a given temperature, as long as 
the original energetic barrier was larger or in the order of kT. 
3) The catalyst surface alters one or more of the reactants, creating an 
intermediate species which is necessary for the reaction to run. This is 
for example the case with dissociative adsorption: where atomic oxygen 
is virtually absent in the gas phase at 500K in 1 bar of O2, it is present 
due to dissociative adsorption on the surface of catalysts employed for 
CO oxidation in these conditions. 
In all cases one or more species from the gas phase adsorb onto the catalyst 
surface, diffuse on the surface, react, and leave the surface in the form of the 
reaction product. All three processes just mentioned depend strongly on the 
interaction between the molecules from the gas phase and the surface, which as 
mentioned earlier is determined by the specific adsorption energy of a certain 
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molecule or atom with a specific surface. In the combination of adsorption and 
subsequent desorption of the molecules lies a balance between high and low 
adsorption energy. For very high adsorption energies, the surface will 
accumulate many reactants, but might be very slow in releasing the reaction 
product, effectively blocking the surface for the adsorption of new reactants. 
For very low adsorption energies, the reactants might adsorb and desorb so 
rapidly that they will leave the surface before reacting to the reaction product. 
This effect is often plotted in so called ‘volcano plots’ where the reactivity is 
plotted versus the binding energy of different catalyst. The optimal catalyst, at 
the top of the volcano curve, is the one with the correct balance between 
adsorption and desorption for the reactants and reaction product [2,3]. 
 
1.2.2: Reaction mechanisms 
One of the simplest catalytic reactions is one in which two molecules form the 
gas phase, the reactants labeled “A” and “B”, come in contact with the catalyst 
and react under formation of the reaction product “AB”.  
 
 ABBA Catalyst →+  (1) 
I will present three different reaction pathways or mechanisms in which such a 
simplified catalytic reaction can occur. The most common reaction mechanism 
is called the Langmuir-Hinshelwood (LH) mechanism. In this mechanism both 
particles A and B adsorb on the surface of the catalyst, which is assumed to be a 
perfectly flat isotropic surface, consisting of fully equivalent adsorption sites for 
both A and B. A will react with B under formation of AB with a probability k, 
whenever an adsorbed A finds an adsorbed B as its neighbor on this surface. 
The chance of this happening, will depend on the coverage θ of both A and B 
(labeled respectively θA and θB). Assuming that this is the rate limiting step, the 
reaction rate R will be a function of k, θA and θB: 
 
 ( ) BABA kR θθθθ ⋅⋅=,  (2a) 
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where the total number of adsorption sites has been normalized to 1, and θA and 
θB hence run from 0 to 1. For elevated pressure conditions we can assume the 
surface to be almost fully covered by adsorbed species, and hence that 
θA + θB = 1. The maximum in reactivity is then reached at θA = θB = 0.5, and the 
reaction rate shows a quadratic decay for changes in both θA and θB.  
As it is more difficult to measure and regulate coverages than gas pressures, it is 
interesting to translate this to the dependence of R on the partial pressures of A 
and B PA and PB, instead of θA and θB. For this we have to insert in equation (2a) 
the probability for a particle of type A or B to go from the gas phase to the 
adsorbed state. We can do that by taking into account the ratio Ki between the 
sticking coefficient of each species, respectively k1 and k2 and desorption 
coefficients k-1 and k-2, where Ki = ki / k-i and the available amount of free 













PKPKkPPR  (2b) 
The maximum in reaction rate is hence not at PA = PB but depends on K1 and K2 
(see figure 1) This equation can easily be rewritten for a different stoichiometry, 
or for e.g. dissociative adsorption for molecules like O2 (see e.g. chapter 5). 
Another common reaction pathway is the Eley-Rideal (ER) mechanism. In this 
mechanism, only one of both species is adsorbed on the surface. The reaction 
takes place when the adsorbed species A comes into contact with a particle B 
from the gas phase. In this case the reaction rate depends on the coverage θA 
and the impingement rate of B, which is directly proportional to the partial 
pressure PB:  
 
 ( ) BABA PkPR ⋅⋅= θθ ,  (3a) 
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In this case R is always linear with PB, and there is no competition between A 
and B for adsorption sites. The maximum reaction rate is achieved for θA = 1 












PKPkPPR  (3b) 
A last class of reactions which is similar to the ER mechanism is the so-called 
Mars - Van Krevelen (MvK) mechanism [4]. In this mechanism one of the 
species A forms a compound with the catalyst “CA”, which then acts as a source 
for the other species (B) to react with. An example of this would be the 
formation of an oxide with oxygen from the gas phase, or a carbide from CO of 
CH4 with a metallic catalyst [5-7,9,10,13,23,36]. Of course, for this to remain a 






















Figure 1: Reactivity as a function of partial gas pressure PA, with respect to the 
total pressure Ptotal = PA + PB. The reaction rate is maximized at PA = PB for equal 
sticking coefficient and desorption rate KA and KB. For KA > KB the maximum will 
shift to left and equivalently to the right for KB > KA. The catalyst is A-poisoned for 
PA/Ptotal = 1, and B-poisoned for PA/Ptotal = 0, showing 0 reaction rate in both cases.
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proper catalytic reaction the catalyst part of the compound is released back in its 






 (4a / 4b) 
Again, the reaction rate depends on the different coverages and partial pressures 
of the reactants, assuming that there is an abundance of catalyst particles to 
form the compound with. Assuming that equation (4b) contains the rate limiting 
steps, the reaction rate can be written as:  
 
 ( ) BACBAC PkPR ⋅⋅= θθ ,  (5) 
Comparing this equation to (3a) immediately shows that the reaction rate 
behaves exactly as for the ER mechanism: independent of θAC as long as it is 
near 1, and linear with PB in all circumstances. 
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1.3: The Pressure Gap: 
1.3.1: Surface Science at elevated pressure and temperature 
The pressure gap is the name given for the large difference in pressure between 
the traditional surface science experiments performed in UHV, and the typical 
pressures at which most catalysts actually operate. Where traditional UHV 
experiments are performed at pressures of typically 10-9 to 10-6 mbar, the 
operation conditions for most catalysts are in the order 1 and 100 bar. The 
pressure gap hence represents a difference of 10 to 12 orders of magnitude in 
pressure.  
 
1.3.2: Chemical potential: influence on surface structure 
We define a system where a (metal) sample, consisting of a surface and a bulk 
is in contact with a gaseous environment. According to thermodynamics, the 
system will always try to minimize its free energy G. This energy depends on 
the free energy of the bulk Gbulk, the free energy of the surface Gsurf, and the free 
energy of the gas Ggasii: 
 
 surf gas bulkG G G G= + +   (6) 
Assuming that the bulk structure (and hence free energy) will not change due to 
the interaction of the sample with the gas phase, the system has no freedom to 
minimize its energy by changing Gbulk. We will hence focus on Gsurf and Ggas. 
Ggas is a directly linked to the chemical potential of the individual species in the 
gas phase. For each type of molecule ‘i’ in the gas phase we can define Gi gas as 
Ni · µi, with Ni the number of molecules of type i in the gas phase, and µi the 
chemical potential of that particular molecule. µi is defined as the amount of 
energy by which the total system would change if an additional particle of type 
i were introduced into or removed from the gas phase (with the entropy and 
volume held constant). If a system contains more than one type of molecules, 
                                                 
ii The full description of the energy of a system should also incorporate an extra term 
related to entropy, but it has been omitted here for simplicity.  
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Ggas is equal to the sum of the separate chemical potentials associated with each 
species multiplied by the number of molecules of that species, i.e. Ni·µi + 
Nj·µj + … . We can calculate µi for a given particle of type i with a partial 
pressure Pi at a given temperature T: 
 
 ( ) 0ln ii i
i
PP kT Pµ
 = ⋅  
 
 (7) 
where k is the Boltzmann constant and Pi0 is a tabulated value for particles of 
type i which depends mainly on the mass of that particular molecule and the 
temperature T. We note that µi is always negative, otherwise the gas would 
spontaneously condensate. This means that for all temperatures Pi must be 
smaller than Pi0. We also note that µi is exactly the amount of energy it costs to 
remove one single particle from the gas phase. According to equation (7) this 
value decreases with increasing pressure. It becomes energetically increasingly 
favorable (less costly) to take molecules from the gas phase as Pi increases.  
We now compare two states in which the system can be. In the first state the 
surface is purely metallic (Gsurf = Gmetal) and N molecules of type i are in the gas 
phase. In the other case the surface forms a new structure with the molecules 
from the gas phase (Gsurf = Gmetal+i), incorporating n molecules form the gas 
phase. Assuming that N >> n, we can write down the free energy for both cases: 
 
 1: ( )1 metal i i i bulkG G N P Gµ= + +  (8a) 
 2: ( ) ( )2 metal i i i i bulkG G N n P Gµ+= + − +  (8b) 
To predict which state has the lowest (total) free energy, we have to calculate 
which free energy will be lower. The difference between both states is:  
 
 ( )( )metal metal i i iG G G n Pµ+∆ = − −  (8c) 
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or in other terms: The system will go from the metal to the metal+i state when 
∆G is exactly 0: 
 
 ( )metal metal i i iG G n Pµ+= −  (8d) 
Keeping in mind that µi (Pi) is negative, we see that the surface that incorporates 
the molecules from the gas phase will only form when Pi is high enough that 
the cost of removing the molecules from the gas phase is smaller than the gain 
in energy for forming the new surface structure. Equation 7 shows that this 
becomes increasingly easy at higher partial pressures (for a fixed temperature). 
The factor ‘n’ scales with the stoichiometry of the structure formed: if for a 
layer of PdO we take n to be 1, n will be 2 for PdO2 as for forming 1 layer of 
PdO2 twice as many molecules need to be taken from the gas phase. In essence, 
equations (7) and (8d) show that higher pressures will favor structures which 
incorporate more molecules from the gas phase; structures which are not stable, 
i.e. do not represent the lowest free energy at lower pressures. The difference in 
free energy between UHV conditions (e.g. Pi = 10-7 mbar) and elevated pressure 
conditions (Pi = 1000 mbar) bar for a structure that incorporates 1 molecule 
form the gas per unit of surface area will be kT · ln (1010) – 23 kT. At room 
temperature this is equal to 0.58 eV per unit of surface area, or per adsorbed 
molecule. This energy gain scales linearly with the stoichiometry or ‘n’ [28,29].  
 
1.3.3: Kinetic barriers: Low versus high temperature and pressure 
According to equation (7), decreasing T will have the exact same effect on µi 
and hence on the stability of a phase as increasing the pressure. This suggests 
that experiments performed in UHV will show the same structures as 
experiments performed at ambient pressures, as long as UHV pressures are 
combined with low (cryogenic) temperaturesiii. As many techniques used in 
Surface Science do not work at elevated pressures, research has often used this 
‘trick’ to be able to study adsorption structures in UHV. This combination of 
low temperature and UHV does indeed allow surface scientists to form and 
                                                 
iii A quick look at the example given above shows that to match the chemical potential of 
an experiment performed a 1000 mbar and room temperature (300 K) one would need 
to go to 13 K for a pressure of 10-7 mbar. 
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study adsorption structures with UHV-based techniques, but it has several 
drawbacks. Firstly, the formation of a certain structure will always involve 
overcoming a certain kinetic barrier, independently of the total free energy. 
When working at low temperatures, the energetically most favorable structure 
might not form because the kinetic barrier is much larger than kT. Instead, the 
system will exhibit a surface structure with a low kinetic barrier, but which is 
not the thermodynamic equilibrium.  
Secondly, the surface cannot react to changes in the chemical potential, as due 
to the low temperature it is ‘stuck’ in this local energy minimum. The effect of 
this is that the order in which the surface is exposed to different gas species is 
fully determining for the state of the surface, and not the actual gas composition 
[13]. 
Especially in the case of gas reactions on surfaces, i.e. heterogeneous catalysis, 
the surface structure can be very dynamic. Gas molecules impinge on the 
surface, are adsorbed and altered, and subsequently leave the surface under 
formation of reaction products. For a catalytic reaction to run, the energetically 
most favorable condition must be the one with the reaction product forming on 
and desorbing from the surface. As long as the reaction is running, the structure 
of the surface is hence always partly determined by kinetics, as well as 
thermodynamics. A catalytically active system is hence intrinsically a system of 
which the structure is strongly dependent on the rate of the different processes, 
and hence very sensitive to the temperature.  
There are hence two main reasons why surface structures found in low 
temperature UHV-studies can generally not be extrapolated to high pressure 
and temperature conditions with the same µgas.  
4) Kinetic barriers can prevent the structure which represents the actual 
thermodynamic equilibrium to form on the timescale of an experiment 
at low temperatures. 
5) The kinetic processes involved in the catalytic reaction can influence 
the structure on the surface. An effect that will not be seen if the 
catalytic reaction does not run. 
The only way to determine the surface structure of a catalyst during its active 
phase is therefore to actually measure the structure in-situ, while the reaction is 
running, i.e. under high temperature and pressure conditions. 
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1.4: The Materials Gap 
Next to the pressure gap, the surface chemistry community also struggles with a 
problem named the ‘materials gap’. The materials gap is the name commonly 
given to the difference between model catalysts consisting of large, flat, clean 
single crystal surfaces and real (industrial) catalysts, consisting of (alloy) nano-
particles on oxide supports, using different types of promoters. The most 
important reason to make a (real-life) catalyst out of small metallic particles 
deposited on an oxide support is to maximize the total surface of the 
catalytically active material (the metal), while minimizing its volume. This is to 
improve the total reaction rate (high surface area) and the cost efficiency (low 
mass), as the catalytically active metals are commonly much more expensive 
than the oxides used as support material. Promoters are added to improve the 
catalysts reaction rate, selectivity, or even lifetime. Unfortunately, such 
complicated systems consisting of small particle, oxide supports, promoters and 
more are often too complicated to study in surface science experiments. 
Experiments of most surface science techniques require that the samples used 
are single crystal surfaces, looking at the interaction of the top layer of a single 
bulk metal sample and the gas phase only. This is commonly called a ‘model 
catalyst’ and is crude simplification of a real life catalyst.  
Two main effects that can have an influence on the chemical properties of the 
particles, are the size and shape of the particle itself, and the interaction of the 
particle with the oxide support or promoters. If the particle size becomes of the 
order of the wavelength of the electrons found inside the particle, the electronic 
properties of the particle start to change. The alteration of the electronic 
properties can have a strong effect on the reactivity of the particles, like has 
been observed on Au nano-particles [14]. The second effect is that a nano-
particle has relatively much more atoms at edge, kink and step-positions than a 
single crystal surface. If these ‘special’ sites play an important role in the 
catalytic pathway, the reactivity of a single crystal surface might be almost 0. 
And finally: the surface of a nano-particle will often consist of differently 
orientated low index facets. If presence of the different facets in each others 
vicinity, or the communication between the facets is important for the reaction, 
small particles will behave very differently from single crystal surfaces.  
The other influence might come from the interaction between the oxide support 
or promoters and the metallic particles. For one, both support and promoters 
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can alter the electronic structure and hence catalytic properties of the particles. 
Secondly, similarly to the edge and kink sites, the boundary between the oxide 
support and metal particle might be a ‘special’ site with respect to the reaction 
pathway [15]. The same problems play in extrapolating single crystal results to 
small particles as in extrapolating results from low temperature / low pressure 
experiments to realistic conditions. The aim of our future research is to be able 
to bridge both the pressure gap and the materials gap in one single setup. A 
future High Pressure SXRD setup, which is under development in collaboration 
between Leiden University and the ID03 beamline of the ESRF is specifically 
aimed at achieving this goal.  
 
1.5: Techniques for studying surfaces under elevated pressure 
conditions  
1.5.1: The conflict of surface sensitivity and elevated pressures 
In order to be sensitive to the surface of a macroscopic crystal, information 
carriers (photons, electrons or ions) need to have a relatively large interaction 
cross-section with the atoms at the surface of the crystal. If not, most of them 
will penetrate into the bulk and hence yield information about the bulk. 
Recovering information about the surface of the crystal from the measured 
signal will therefore be relatively difficult. Low energy electrons and ions are 
hence much better suited to determine surface properties, and are used in most 
traditional surface science techniques (e.g. LEED, LEIS, LEEM [16]). 
Unfortunately, the high cross-section with the surface atoms also implies a high 
cross-section with gas molecules. This results in a very short mean free path for 
low energy electron and ions in an elevated pressure environment. It is thus 
intrinsically difficult to develop techniques that are very sensitive for surfaces 
and will operate well in ambient pressure conditions. Despite this difficulty, 
several techniques have been developed during the last 10 years that can yield 
very detailed information about the surface structure under high pressure 
conditions. 
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1.5.2: Hard X-Rays 
 Hard X-Rays (photons with a wavelength typically between 1 and 0.1 Å or 
equivalently an energy between 10 and 100 keV) have, in contrary to what is 
stated here above, a very low chance of interacting with surface atoms. Because 
of this, crystallography techniques utilizing hard X-Rays, like X-Ray 
Diffraction, are better suited for investigating bulk structures rather than 
surfaces. Surface X-Ray Diffraction (SXRD) is a diffraction technique which 
uses hard X-Rays, but which by the use of several geometrical and optical 
‘tricks’, can be made very sensitive to changes in the surface structure and 
composition. This technique is comparable to Low Energy Electron Diffraction 
(LEED). The low energy electrons used in LEED have a much stronger 
interaction (higher cross-section) with matter than the hard X-Rays used in 
SXRD. Because of this LEED is intrinsically more sensitive to surfaces than 
SXRD. Therefore LEED will in many cases yield more data on the surface 
structure in a shorter amount of time, which should result in a better surface 
structure determination. Despite this, SXRD has a number of specific 
advantages with respect to LEED. The lower cross-section of the X-Rays with 
matter results in a much deeper penetration depth, and hence yields information 
on the crystal structure up to larger depths within the crystal. This gives the 
possibility to study the out-of-plane structure of relatively thick crystal layers, 
and to study e.g. buried interfaces. Secondly, due to the low interaction with 
matter, X-Rays are almost unaffected by a gas phase surrounding a sample. 
This makes SXRD very well suited for studying surfaces under high pressure 
conditions [17,39,43]. A thorough and more formal description of SXRD is 
given later in this chapter (see 1.6).  
Extended X-Ray Adsorption Finestructure Spectroscopy (EXAFS) is a 
technique which is sensitive to the (chemical) surroundings of an atom [17]. By 
looking at the changes in the fine structure of adsorption edges of the atoms, 
one can detect changes in the type and number of neighbors that surround an 
atom. This technique is equally insensitive to the presence of a gas phase 
surrounding a sample as XRD. Unfortunately it is, like XRD, intrinsically a 
bulk sensitive method due to the use of hard X-Rays. By using a low incidence 
angle the contribution from the bulk can be reduced, and the technique is 
referred to as Surface EXAFS (or SEXAFS) [18], but no interference effects 
can be used, like in SXRD, making the bulk contribution still relatively large 
with respect to the surface signal.  
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1.5.3: (High Pressure) Scanning Tunneling Microscope 
Scanning Tunneling Microscopy is a technique that was developed in 1986 by 
Binnig and Rohrer [19]. It consists in scanning the surface with the atomically 
sharp end of a conducting needle. By applying a small voltage between the 
needle and the surface, a small current will flow between the surface and the 
needle, even before the needle actually touches the surface due to tunneling of 
the electrons through the small gap between the needle and surface. This tunnel 
current depends strongly on the distance between the needle and the surfaceiv. 
By keeping the current constant with a feedback system the needle will stay at a 
constant height above the surface. By scanning the surface in this “constant 
height mode”, and registering the vertical position at every point, we can 
reconstruct a two dimensional height map of the surface. A Scanning Tunneling 
Microscope (STM) can do this with a subatomic resolution both in the vertical 
as in the lateral direction.  
This technique is commonly used in UHV conditions, mainly to keep the 
surface in an atomically clean state. There is no physical limitation to employ 
this technique at elevated pressures, and several groups have already done this 
in the recent past [20,21] by filling a complete vacuum system equipped with a 
standard STM up to the required pressure. To image the surface of a catalyst 
with an STM in-situ while the catalytic reaction is actually running demands a 
more dedicated approach. Such a dedicated STM has been developed by P.B. 
Rasmussen, B.L.M. Hendriksen and J.W.M. Frenken [22,23]. This STM is 
capable of imaging a surface under semi-realistic reaction conditions of 425 K, 
up to 5 bar of gas and a flow of up to 10 mln/min combined with a reactor 
volume of 0.5 ml. This STM is built into a vacuum system and the reactor is 
connected to a dedicated gas manifold. The gas flow, and hence the catalytic 
activity is constantly monitored by a mass spectrometer. Some data measured 
with this STM by B.L.M. Hendriksen are shown in chapter 5, in combination 
with SXRD measurements. A more thorough description of this setup can be 
found in the thesis of B.L.M. Hendriksen [23]. 
 
                                                 
iv The tunnel current also depends on the density of states in both the needle as the 
surface, but when tunneling from a metallic tip onto a metallic surface, this effect is not 
very important. When tunneling into oxides or semiconductors this effect is of much 
greater importance.  
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1.5.4: A short path through the gas phase  
To overcome the problem of the short mean free path of electrons and ions in 
elevated pressure conditions some research groups have developed setups in 
which the traveled path of the electrons and ions through the gas phase is very 
short. One way to do this is to use differential pumping. One of the techniques 
to which this has successfully been applied is X-Ray Photoelectron 
Spectroscopy (XPS). Although the incoming X-Rays have little interaction with 
the gas phase, the outgoing photoelectrons are strongly adsorbed by the gas 
phase. By using the combination of differential pumping, a very small reactor 
volume and electrostatic lenses, enough photoelectrons can still be collected in 
pressures up to approximately 50 mbar [24,25]. 
Another technique that uses this combination of small reactor volumes and 
differential pumping to minimize the path length through the gas phase is 
Transmission Electron Microscopy (TEM) [26]. This is a direct imaging 
technique which is not particularly sensitive to surfaces. But when using 
samples that consist of nanoparticles, and the image contains several of these 
particles, one can always observe a good ratio of the atoms within one TEM 
image to be at the surface of the particles.  
 
1.5.5: Polarization (filtering) 
Several optical techniques use optical properties of the surface to be able to 
differentiate the signal coming form the gas phase, and the signal coming from 
the surface of the catalyst. The fact that the interaction with the surface changes 
the polarization of a polarized IR signal is used in a variety of Polarization 
Modulated IR techniques [27]. 
Another optical ‘trick’ is to use two different laser sources, and letting them 
interact at the surface of a sample. A small part of the outgoing signal will 
consist of photons with a frequency equal to the sum frequency of both laser 
sources. That signal is very weak, but surface specific. By using high intensity 
lasers and very sensitive detectors, this technique of Sum Frequency Generation 
(SFG) is very suited to investigate the chemical composition of a surface under 
high pressure conditions. 
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1.5.6: Density Functional Theory 
Density Functional Theory (DFT) is a theoretical technique that aims at 
calculating the free energy Gsurf of a certain surface structure. By comparing the 
calculated Gsurf of different structures, this technique can make predictions 
about the (thermodynamic) stability of different surface phases [11,12]. In 
recent work, the influence of the chemical potential of the surrounding gas 
phase has been added to DFT calculations, allowing scientist to compare the 
relative stability of different surface structures over a large pressure and 
temperature range. By doing this for several different surface structures, this 
addition to DFT calculations can help predict which structure is expected to be 
the most favorable in terms of free energy for a surface within a wide 
(P,T)-range in the presence of one or multiple species of molecules in the gas 
phase [28,29]. 
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1.6: Surfaces of metals on the atomic scale 
We start this section with a brief overview of basic surface crystallography, 
which we will make frequent use of throughout this thesis, and which forms the 
basis for the introduction to SXRD.  
 
1.6.1: Unit cells and the bulk structure of crystals  
The most common way to describe a crystal structure is to define the so-called 
unit cell [30]. The unit cell of a crystal is a small 3D volume spanned by the 
vectors a1, a2 and a3, called the unit vectors. By reproducing the unit cell in the 
direction of a1, at the positions n1 · a1 with n1 = (-N1,… -1, 0, 1…, N1) we get a 
1D crystal of length 2·N1. Similarly reproducing the unit cell at n2·a2 and n3·a3 
and linear combinations of these, results in a 3D crystal of dimensions 
8·(N1·N2·N3), with unit cells at (n1·a1, n2·a2, n3·a3). Any volume which by 
periodic repetition correctly reproduces the full crystal structure is a correct unit 
cell. The ‘primitive’ unit cell is the smallest possible unit cell, that still contains 
all elements to describe the whole crystal structure. In some cases, it is more 
convenient to describe the crystal with a unit cell which is larger than the 
primitive unit cell. Although this makes the internal structure of the unit cell 
more complicated, it often makes the description of the whole crystal easier. 
Most metallic crystals can best be described by a hexagonal or cubic unit cell 
(see figure 2). In the case of a cubic unit cell a1, a2 and a3 are orthogonal, and 
describe the three ridges of a cube with length a0. All positions p within the 
cube can be described by a linear combination of these vectors: 
 
 ( ) 1 2 3, ,p a b c a b c= ⋅ + ⋅ + ⋅a a a  (9) 
with a, b and c in the interval [0...1]. Positions within the unit cell are 
commonly described by only these parameters a, b and c, with the notation 
(a,b,c).  
Placing one single atom at the corner of the cube, i.e. at (0,0,0), forms the so-
called “Simple Cubic” structure (figure 2a). The unit cell contains exactly 1 
atom, and has a volume of (a0)3. By adding one atom in the center of the cube, 
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at (0.5,0.5,0.5), we form the so-called Body Centered Cubic (BCC) unit cell, 
which now contains 2 atoms (figure 2b). The crystal could be described by a 
smaller unit cell, containing only one atom, but the BCC unit cell is often 
preferred as it is more convenient description due to the orthogonallity of a1, a2 
and a3. By placing one atom at the centre each face of the cube we get the Face 
Centered Cubic (FCC) unit cell (figure 2c). This unit cell contains 4 atoms (at 
(0,0,0), (0,0.5,0.5), (0.5,0,0.5) and (0,0.5,0.5)). Again, a smaller unit cell can 
describe FCC crystals, but for the same reasons as for the BCC unit cell the 
FCC description is often preferred.  
These three types of crystals can be described as vertically stacked layers of 
atoms, each layer exhibiting a square pattern. Another type of crystals is made 
up of vertically stacked layers with a hexagonal pattern. If each subsequent 
layer is shifted with respect to the previous one, to ensure that the atoms of each 
layer fall exactly ‘in between’ the ones of the underlying layer, we call this a 
Hexagonally Closed Packed (HCP) structure (figure 2d). We call this an “abab” 
stacking to indicate that each layer is exactly equivalent to the one two layers 
Figure 2: 3D crystal unit cells. a) Simple Cubic (SC), b) Body Centered Cubic 
(BCC), c) Face Centered Cubic (FCC), d) Hexagonal Closed Packed (HCP), e)
‘aaa’ hexagonal stacking, f) abc stacking from a (111)-cut FCC crystal. 
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below (or above). If all layers are exactly equivalent, i.e. all atoms are 
positioned exactly atop an atom from the layer below, we call this an “aaa” 
stacking (figure 2e). FCC crystals cut in a specific direction exhibit a hexagonal 
symmetry, and are characterized by an “abc” stacking, indicting that only one in 
three layers are really equivalent (figure 2f). A crystal of a certain volume 
inside which all unit cells are aligned with the same orientation is called a 
“single crystal”. Crystals inside which one can find small volumes (crystallites) 
exhibiting different orientations are called “polycrystalline”. If a crystal exhibits 
all unit cell orientations in equal amounts, it is referred to as a “powder”. If a 
solid sample cannot be described by a unit cell, i.e. does not exhibit any 
periodicity in its structure, it is called “amorphous”. In this thesis I will mainly 
concentrate on single crystals, and the surfaces of single crystals.  
 
1.6.2: Cuts through crystal structures 
Cutting an ‘infinite’ single crystal along a specific direction will create a “half 
infinite” crystal with a surface. We still consider the crystal to be infinite along 
the directions that are parallel to the surface, but half infinite in the direction 
perpendicular to the surfacev. For this reason it is often convenient to describe 
the truncated crystal with a unit cell that has two out of the three vectors lying 
in the surface plane, and just one pointing out of the surface plane, i.e. 
perpendicular to the surface. This in contrary to the bulk unit cell, which, 
depending on the cut, might have more than one vector pointing out of the 
surface, would need a linear combination of all three vectors to define the 
surface plane. We hence define a unit cell with two vectors a and b to be the 
“in-plane” vectors, and c to be the “out-of-plane” vector. The area spanned by a 
and b is commonly called the “surface unit cell”, and depends both on the 
specific cut of the crystal, and on the specific choice for a and b. Even with this 
specific choice aimed at having a straightforward description of the 
crystallography of the surface, the bulk of the crystal is still correctly defined by 
the unit cell spanned by a, b and c; this newly chosen unit cell will commonly 
not coincide with e.g. the FCC or BCC bulk unit cell spanned by a1, a2 and a3. 
                                                 
v Taking a simple cubic crystal and placing a1, a2 and a3 parallel to respectively x, y 
and z in Cartesian coordinates, we cut the crystal along the (x,y)-plane. For simplicity 
we choose the surface to be at z = 0. The truncated crystal has atoms occupying all 
available positions in x and y from -∞ to ∞, but in z from -∞ to 0 only. Hence the term 
‘half infinite’. 
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All metal single crystal samples described later on in this thesis (Pt and Pd) 
have an FCC crystal structure. Because of this, I will limit the description of the 
surfaces and surface unit cells to the ones exhibited by truncated FCC crystals.  
 
1.6.3: Low index planes 
One way to describe the specific cut of a single crystal or equivalently its 
surface plane is by defining the surface normal vector c. When this vector can 
be described by a·a1+b·a2+c·a3 with a, b and c equal to 0 or 1 only, we call such 
a surface plane a “low index plane”. For FCC crystals only three different low 
index planes exist. These three planes are usually denoted (001), (110) and 
(111). All other combinations of a, b and c equal to 0 or 1 give surfaces 
equivalent to these three. Figure 3 shows the cuts through the bulk unit cell 
which correspond to these three orientations. The (001), equivalent to (100) and 
(010), gives rise to a square surface unit cell with two perpendicular vectors a 
and b of length 01 2 a⋅  spanning its sides (figure 3a). The c vector points out 
of the surface plane and has a length of a0. This bulk unit cell hence consists of 
two layers of atoms in this square configuration, shifted with respect to each 
other by (0.5 0.5 0.5)vi.  
The (110) surface (figure 3b) exhibits a rectangular surface unit cell with sides 
of respectively 01 2 a⋅ and a0 . The c vector has a length of 01 2 a⋅ , a0 and 
again the bulk unit cell is composed of two atomic layers with this rectangular 
in-plane unit cell shifted with respect to each other by (0.5 0.5 0.5).  
The (111) surface is the so called “closed packed” surface as it has the highest 
number of atoms per surface area (figure 3c). It has a diamond shaped surface 
unit cell, with an angle between a and b of 120 degrees, both vectors of 
length 01 2 a⋅ . The c vector of length 03 a⋅  spans 3 layers of these 
hexagonal cells, shifted with respect to each other by respectively (2/3 1/3 1/3) 
and (1/3 2/3 2/3). Because of this ‘tri-layered’ structure this stacking of 
hexagonal layers is commonly called an “abc” stacking (see figure 3f). Of 
course, this specific choice of stacking order is slightly arbitrary, as a “bac” 
stack is not equal, but equivalent to an “abc” stack. If within one crystal these 
two types of stacking are mixed, we define the dominant type of stacking as 
                                                 
vi These coordinates are with respect to the newly defined unit cell spanned by a, b and 
c, not the original bulk FCC unit cell. 
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“abc”, and the other one as the so-called “twin-stacking”. One single transition 
from the normal stacking to the twin stacking is called a stacking fault. 
 
1.6.4: Surface reconstructions 
In some cases, the surface of truncated crystals is different from the cases stated 
here above. The surfaces discussed here above are all “bulk terminated”, 
meaning that the surface atoms are all at the position one would expect them to 
be in an infinite crystal. Atoms in the bulk of a crystal are surrounded by a fixed 
number of neighboring atoms. Atoms in the surface plane of a crystal have less 
neighbors, as they miss all the atoms that would have been at z > 0 in an infinite 
crystal. Because of this, a surface can exhibit different properties than the bulk 
of a crystal. One of the effects that arise from the incomplete amount of bounds 
Figure 3: Low index planes of an FCC crystal. a) the (110) surface exhibits a 
rectangular unit cell of a0 by 0 2a (bottom right). This surface is equivalent to 
the 011 . b) the (100) surface. This surface has a square symmetry, with a unit cell 
of 0 2a by 0 2a  (bottom right). It is equivalent to the (001) and (010). c) The 
(111) surface exhibits a hexagonal symmetry. Taking deeper layers into account, 
this reduces to a 120-degree symmetry. The unit vectors can be chosen with an 
enclosed angle of 60 or 120 degree, but the resulting unit cell is always diamond 
shaped (bottom right) with sides of 0 2a  by 0 2a . 
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with neighboring atoms is the build up of surface tension [31]. This surface 
tension is energetically (thermodynamically) unfavorable, and often surface 
atoms will change their configuration in order to try to minimize the surface 
tension. One way to achieve this is to shift the whole surface layer out- or 
inward with respect to the bulk atoms. Another way is to form a surface unit 
cell which is different from the one dictated by the bulk structure of the crystal, 
i.e. form a “reconstructed” unit cell. Several examples of this are the 7x7 
reconstruction of the Si(111) surface [32], the hexagonal reconstruction of the 
Pt(001) surface, and the missing row reconstruction of e.g. the Pt(110) and 
Au(110) surfaces (see figure 4a) [33].  
 
Figure 4: a) A reconstructed (110) surface. The surface exhibits a ‘Missing Row 
Reconstruction’, which implies that every second row in the closed pack direction 
has been removed. With respect to the unreconstructed (110) surface, the unit cell 
(bottom right) is twice as long in the (001)-direction, and the surface layer contains 
only ½ of the bulk atomic density. b) The (553) surface. This is a high index surface, 
composed of 111 terraces and a regular array of 111 steps. Different equivalent 
unit cells can be chosen to describe this surface. Two possible unit cells are drawn 
in (light gray, dark gray), next to the (111) unit cell and unit vectors (black). 
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1.6.5: High index planes 
Another type of more complicated surfaces are the so-called high index 
surfaces. By cutting a single crystal along a plane which is close, but not 
exactly equal to one of the low index planes presented here above we get a high 
index plane. These are surfaces of which the surface normal vector contains at 
least one values for a, b or c larger than 1, e.g. (553). A model of the (553) 
surface is shown in figure 4b. As we can see from the model, these surfaces are 
composed of terraces of the low index orientation closest to the normal vector 
of the surface, in this case (111). These terraces are separated by regularly 
spaced steps. One can choose different unit cells to describe this surface, of 
which two examples are shown in figure 4b in grey and light gray (in black the 
original (111) unit cell and vectors of the terraces). Both unit cells correctly 
describe the surface and bulk of the crystal. The choice for a certain unit cell is 
usually determined to facilitate either experiments or data analysis. 
 
1.6.6: Altering surfaces: adsorption and growth 
The description in 1.6.1 to 1.6.5 is a short introduction into the structure and 
surfaces of ‘perfect’ single crystals. In most experiments the surfaces of these 
crystals are prepared and cleaned under UHV to assure that they are as close to 
these theoretically perfect surfaces as possible. During the experiments though, 
these surfaces are exposed to a variety of circumstances, that will induce a 
change in the surface structure. In the experiments described in this thesis, we 
have exposed surfaces to elevated pressure and temperature conditions, and 
have investigated the change in structure, physical and chemical properties of 
the surfaces caused by these conditions.  
When surfaces are exposed to gas molecules, the atoms and molecules from the 
gas phase will interact with the solid surface. As the surface atoms ‘miss’ their 
neighboring atoms at z > 0, it is often energetically favorable to form a bond 
with an atom or molecule from the gas phase. The energy gain associated with 
the adsorption of a single molecule (or atom) to a surface is called the binding 
energy Eads. Depending on the exact nature of the bonding between the surface 
and the molecule this process is called chemisorption (Eads typically much 
larger than kT at room temperature) or physisorption (Eads typically in the order 
of kT at room temperature) [31]. Looking back at the ball models of single 
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crystal surfaces presented in figures 3 and 4 we see that we can find several 
different ‘high symmetry’ sites within one unit cell, e.g. on top of a surface 
atom, or exactly in between two, three or four surface atoms. These high 
symmetry positions are often preferred sites for molecules to adsorb to. 
Different species of molecules have different preferred adsorption site within 
the unit cell. Figure 5 shows several of these preferred adsorption sites. Usually 
these specific adsorption sites can only accommodate one single molecule.  
How often a molecule actually binds to the surface depends on the impingement 
rate (the number of molecules that collide with the surface per time unit) and 
the sticking coefficient. The sticking coefficient is a dimensionless number that 
gives the probability for a molecule colliding with a clean surface to actually 
adsorb instead of being scattered back into the gas phase. This number of 
course depends on many parameters: the specific molecule and surface that 
collide, the angle under which they collide, but also the temperature. 
Ideal gas law dictates that at a pressure of 10-6 mbar and at room temperature 
the impingement rate for molecules with a mass around 30 atomic mass units 
(O2, N2, CO, NO etc) is equal to approximately 1 molecule per site per second. 
The “Langmuir” is the unit of exposure. Exposing a surface to this impingement 
rate for 1 second is equal to 1 Langmuir [3,4,31].  
Figure 5: High symmetry adsorption sites on a square and hexagonal surface. a) 
On a square lattice three possible adsorption sites would be the ‘on top’ positions 
(left), the ‘4-fold hollow’ sites (middle) and ‘bridge’ positions. b) for a FCC (111) 
surface we again recognize ‘on-top’ positions (left), bridge sites (middle left), FCC 
threefold hollow sites (middle right) and HCP threefold hollow sites. 
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The ratio between the adsorption energy of that specific molecule and the 
temperature of the surface (and hence of the adsorbed molecule) dictates how 
long a molecule will stay adsorbed on the surface before it spontaneously 
desorbs. The average time a molecule stays adsorbed on the surface is called the 
“mean stay time”.  
All these factors together determine how many molecules of a certain type are 
adsorbed on a certain surface at a given pressure and temperature. By dividing 
this by the total amount of available adsorption sites on that surfacevii we get a 
number we call the “coverage” θ, which runs from 0 (a completely empty 
surface) to 1 (a fully occupied surface).  
If the coverage gets significantly larger than 0, i.e. when many adsorbed 
molecules start having another adsorbed molecule as their neighbor, the 
molecules adsorbed on the surface will be influenced by each others presence. 
The combination of the specific adsorption energy at the different adsorption 
sites and this interaction will cause the adsorbed molecules to order themselves 
in a specific adsorption structure [34]. The unit cell of the adsorbed gas 
molecules often reflects the structure of the underlying metallic surface, and is 
usually denoted in units vectors of the (unreconstructed) metallic surface. Such 
a layer that forms on top of the single crystal surface and of which the unit cell 
can be described by a linear combination of the unit vectors of the substrate is 
called ‘commensurate’. If the layer of adsorbed molecules can be described by 
unit vectors, but these vectors cannot be described by linear combinations of the 
substrate unit vectors, the layer of adsorbed molecules is called 
‘incommensurate’.  
In the same manner as the adsorbed molecules feel the influence of the metal 
surface, the metal surface itself is influenced by the adsorption. The metallic 
surface atoms will rearrange in order to find the (energetically) most favorable 
position in presence of the adsorbed molecules. This might just imply that the 
surface atoms relax slightly outwards or inwards, depending on the potential of 
the bulk. But also more drastic rearrangements can take place, fully changing 
the surface unit cell [34]. The adsorption of molecules from the gas phase can 
make the surfaces form or loose a surface reconstruction.  
                                                 
vii Often the total number of adsorption sites is set to 1 per atom of the bulk-terminated 
surface. This number is then calculated by dividing the total surface by the unit cell 
size, and multiplying by the number of atoms in the unit cell.  
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If atoms from the gas phase are not only adsorbed on top of the surface, but 
diffuse into deeper layers of the crystal, forming a regular structure which 
contains both metallic and non-metallic atoms, we can no longer speak of 
adsorption. Depending on the particular species of atoms involved, these layers 
are referred to as ultra-thin oxides (metal-O), hydrides (metal-H), carbides 
(metal-C) or nitrides (metal-N). In many cases these “metal – non-metal” 
compounds have the structure and chemical composition one would expect 
from their bulk counterparts [5-7,9,10,13,23,35]. If they do not correspond to 
any known bulk structure or composition, they often get the preposition 
“surface-” to express that they only exist when formed at the metal-gas 
interface, i.e. the surface [36]. Again, these structures can form with a 
commensurate or incommensurate unit cell with respect to the substrate. 
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1.7: Surface X-Ray Diffraction  
The main technique used in the experiments described in this thesis is Surface 
X-Ray Diffraction (SXRD). X-Ray Diffraction is a relatively old technique, 
pioneered by Von Laue and Bragg in the 1910’s and 1920’s [37,38]. It is one of 
the first applications of X-Rays for physicists. It is a structure sensitive 
technique: a crystal is illuminated by monochromatic X-Ray photons, which are 
then scattered (mainly) by the electrons in the crystal lattice. Because the 
photon are scattered by a regular array of electrons which reflects the crystal 
structure, the photons coming out of the crystal will create and interference 
pattern according to Bragg’s law. From this pattern one can then try to calculate 
the position of the scattering centers, which corresponds to the crystallographic 
structure of the crystal.  
With Surface X-Ray Diffraction the incoming photons have a glancing 
incidence angle αi with respect to the crystal surface, typically smaller than 1°. 
Because of their limited penetration depth, the incoming beam of X-Rays will 
only illuminate a thin slice of typically 1 to 2 µm thick for a typical metal, 
measured in the direction perpendicular to the surface of the crystalviii. For low 
angles, the penetration depth scales approximately linearly with αi. 
Another advantage of illuminating a crystal at grazing incidence comes from 
the effect of total external reflection. This phenomenon occurs at the critical 
angle αc, which is typically 0.2° for the combination of hard X-rays (in our case 
17 keV) and metals. When αi/αc is near 1, the penetration depth drops rapidly to 
below 50 nm. This effect is strongly non-linear. [39,43]. 
 
1.7.1: SXRD from perfect crystal surfaces 
If one illuminates a perfect, infinite single crystal with a monochromatic plane 
wave of X-Ray light, the light will be scattered by the electrons in the crystal. 
For SXRD we will only consider elastic scattering, implying that no energy is 
absorbed by the crystal due to the scattering process. Defining the incoming and 
                                                 
viii The exact penetration depth depends strongly on the electronic density of the 
illuminated material, the wavelength of the incoming photons and the incidence angle. 
The value of 1 or 2 µm corresponds to the penetration depth in the lower en of the hard 
X-Ray regime (10 – 100 keV) at normal incidence for a typical metal like Fe or Ni 
multiplied by sin(αi). 
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outgoing X-Ray waves with wave vectors kin and kout respectively this mean 
that:  
 
 in out=k k  (10) 
Although the length of k is unchanged, the scattering process does change the 
orientation of k. The difference between the incoming and outgoing vector is 
called the scattering vector (or momentum transfer) q, and is defined as: 
 
 out in= −q k k  (11) 
 
Figure 6: Laue Diffraction geometry. Note that |Kin| = |Kout| and q = Kout - Kin.
q* And qz are respectively the in-plane an out-of-plane components of q. The 
detector position determines the orientation of Kout. q Determines if one will find 
diffracted intensity at that position according to equation 10. 
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Figure 6 shows a graphical representation of equations (10) and (11). Not taking 
any crystal structure into account, we first define the electromagnetic (EM) field 
(the amplitude of the outgoing light) by the scattering of light from one single 
electron. This is described by the Thompson formula, i.e. the classical dipole 
radiation for an observer standing far from the source [17]. The amplitude of 
the scattered light Es is given by:  
 








⋅= − ∫ q rr q r r  (12a) 
In the case of e.g. a single electron ρ(r) is a delta function at r = 0, and re is the 
classical electron radius. In the case of an atom, ρ(r) is the electron density 
around the atom at position r. As we are only interested in the dependence on q 
of the outgoing field, rather than its absolute amplitude, we will discard the 
factor outside the integral sign. This simplifies equation (12a) to: 
 
 ( ) ( ), iqE e dρ ⋅= ⋅∫ q rr q r r  (12b) 
In SXRD experiments the X-Ray beam does not interact with a single electron 
or atom, but with a periodic crystal composed of unit cells. In that case 
equations 4a and b describe the scattered electric field if ρ(r) represents the 
local electron density of a single unit cell ρcell (r). Equation (12b) now 
represents the Fourier transform of the local electron density of a unit cell and is 
commonly referred to as the structure factor Fq:  
 
 ( ) iq cellF e dρ ⋅= ⋅∫ q rr r  (12c) 
If the scattering takes place in a regular periodic array of unit cells, such as the 
single crystal structures described previously, the scattered EM field can be 
calculated by the complex sum of the scattering amplitude Fq from the 
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individual unit cells. For an infinite single crystal with unit vectors a1, a2 and a3, 
and unit cells at (n1a1, n2a2, n3a3), the scattered EM field is given by:  
 
 ( ) ( )1 1 2 2 3 3
1 2 3







= ∑ ∑ ∑ q a a aq  (13a) 
To calculate equation (13a) we can separate the scattering vector q into its three 
components q1, q2, and q3, lying along a1, a2 and a3. Equation (13a) then 
changes to: 
 
 ( ) ( )1 1 1 2 2 2 3 3 3
1 2 3







= ∑ ∑ ∑q  (13b) 
The sum will be infinite for: 
 
  qi ·ai = n·2π  with n = (0,1,2…)  (14a)  
and 0 in all other cases. This non-zero condition is fulfilled for:  
 
 q = 2πH  with H = (hb1 + kb2 + lb3) (14b)  
  and h,k,l = 0,1,2,… 
with the vectors bi’s defined by: 
 
 ai ·bj = δij (14c) 
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The scattered intensity for an infinite perfect crystal will hence be infinite at 
q = 2π (hb1 + kb2 + lb3)ix and 0 elsewhere. These vectors 2πb1, 2πb2 and 2πb3 
are called the reciprocal lattice vectors and their linear combinations point out 
all the Bragg peaks, i.e. all positions in reciprocal space where one can find 
diffracted intensity. This shows that we detect kout (see figure 6), but that the 
intensity of the outgoing X-Rays is determined by q. It is common to define 
positions in reciprocal space by just the values of h, k and l, with the notation 
(h k l). The axes that span reciprocal space are often referred to as the h-, k- and 
l-axis [30] (figure 7A). As mentioned earlier, it is often more convenient to 
define a truncated crystal with a different unit cell than the bulk unit cell used 
for infinite crystals, substituting a1, a2 and a3 for a, b and c. Normally a and b 
are chosen such that they lie in the surface plane of the crystal. Automatically c 
is then perpendicular to the surface plane. The corresponding reciprocal vectors 
will exhibit the same symmetry. The l-axis is perpendicular to both a and b and 
hence perpendicular to the surface. In turn, h and k span a plane which is 
parallel to the crystal surface (figure 7A). The diffracted intensity distributed in 
the (hk)-plane at l = 0 is called in-plane intensity and reflects the symmetry of 
the unit cell within the layers of the crystal. The diffracted intensity that is 
distributed along l at each integer (hk) point is called the out-of-plane intensity, 
or “crystal truncation rod” (CTR) (see figure 7A and C) 
 
1.7.2: Non perfect crystals and surfaces: CTRs 
Real life single crystals used in SXRD experiments are never truly perfect and 
infinite. Consequently, the sum of equation (13a) will in real experiments never 
result in perfect delta peaks, but always in peaks of non-zero width. The exact 
distribution of the diffracted intensity as a function of h, k and l reflects the 
deviations from the perfect infinite crystal.  
In the case of a truncated crystal, the crystal is no longer infinite but ‘half 
infinite’ and exhibits a surface. With the crystal surface at n = 0, the sum in 
equation (5) in the direction perpendicular to the surface will hence not run 
 
 
                                                 
ix Extinction effects due to unit cells with multiple atoms are omitted for this description.  
OPERANDO SXRD: A NEW VIEW ON CATALYSIS 
 44
from n = -∞ to n = ∞, but only from n = -∞ to n = 0x. If we also include the 
finite penetration depth of X-Rays inside the crystal in the direction 
perpendicular to the surface due to the absorption µ, equation 5 can be rewritten 
as: 
( ) ( )1 1 1 2 2 2 3 3 3 3 3
1 2 3
0
i n q a n q a in q a a n
s q
n n n




= ⋅∑ ∑ ∑q   (13c) 
with a3 the vector pointing in the direction perpendicular to the surface. The 
terms containing a3 form the out-of-plane diffraction. Because the sum of n3 
only runs from -∞ to 0, the intensity at non integer l-values will not be 
completely extinct. The smeared intensity distribution along l at integer 
(hk)-values due to the truncation of the crystal form a Crystal Truncation Rod 
(CTR). The intensity at the Bragg peaks is now no longer infinite. It depends on 
the exact energy of the X-Rays, the absorption of the crystal at that energy, the 
incident and outgoing angle of the X-Rays and the ‘quality’ of the crystal bulk. 
The lowest intensity point of a CTR, exactly in between two Bragg peaks is 
called the anti phase point, as this is the point at which the diffraction signal 
from two subsequent layers has a phase difference of exactly π, i.e. is out of 
phase. Due to the presence of the surface, and the non-zero absorption of the X-
Rays, the intensity of the diffraction signal at that point is equivalent to that 
exactly 0.5 monolayer (ML) of the crystal for bulk terminated surfaces [39,43]. 
Due to its relatively low intensity, the diffraction signal at this point in 
reciprocal space is sensitive to small changes in the crystals (surface) structure.  
All experiments presented in this thesis were performed at 17 keV photon 
energy and with late transition metal crystals. The ratio of the diffracted 
intensity between the Bragg peaks and the anti phase point was approximately 
105. Depending on the incident flux of photons, this resulted typically in a 
signal of 1010 photons / sec at the detector for the Bragg peaks, and 105 at the 
anti phase. Due to the stochastic nature of the scattering of light, the error bar is 
in the order of the square root of the number of photon counts. A change in the 
                                                 
x In a more general case, the surface need not be at n = 0, but will be at n = N, with N 
an arbitrary integer. It is however straightforward to change n to n’ = (n-N), such that 
the surface is a n’ = 0. The sum of equation (5) will hence run from n’ = (-∞-N) to  
n’ = 0 which is equal to the same sum running from -∞ to 0. This effectively means that 
we can always choose a value for n’ such that the surface of the crystal is at n3 = 0. 
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crystal structure involving a fraction of a monolayer is hence invisible in a 
Bragg peak, but easily detectible at the anti phase point.  
With the present intensities and photon flux available at modern X-Ray 
Synchrotron sources, changes in the crystals structure as a relaxation of the 
outermost atomic layer of only a fraction of a unit cell is easily detectible 
around the anti phase point of single crystals. Also the formation of roughness 
or deposition of material in the sub-monolayer regime can be very accurately 
Figure 7: A) Crystal Truncation Rods in reciprocal space. The Bragg peaks are 
marked as black dots along the rod. a, b, c and d represent different typical (hk) 
scans through reciprocal space. ‘a’ would be the perfect in-plane scan along h. Due 
to the finite incidence and exit angle necessary our diffraction geometry, a scan 
along l = 0 is not attainable. ‘b’ is the attainable version of an in-plane h-scan at 
l = 0.5. ‘c’ and ‘d’ are examples of in-plane ‘radial’ scans along respectively h = k 
and h = 2k. B) Half-order or reconstruction rods at non-integer values of h and k 
(black lines) (CTRs from (A) are shown in light grey for reference). C) The CTR at h 
= 0 and k = 1 for e.g. a BCC crystal. Bragg peaks showing at l = 1, 3… and anti-
phase points at l = 0, 2, 4… . D) A typical diffraction signal for a single layer 
structure e.g. a surface reconstruction. As there is no interference with any other 
atomic layer in the out-of-plane direction, the diffraction signal shows no maxima or 
minima.  
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measured with SXRD. Furthermore, the exact shape of the CTR scans is built up 
from the interference of many atomic layers of the crystal, and will therefore 
contain information about the content of these layers buried inside the crystal, 
e.g. stacking faults, impurities or alloying and in general the length of the 
ordered domains in the direction perpendicular to the crystal surface. 
If a crystal surface exhibits a reconstruction or an adsorbed gas layer with a 
periodicity which is different than that of the original bulk or surface lattice, 
diffracted intensity will appear in reciprocal space at non-integer values of h 
and k. The intensity distribution along l arising from these structures will again 
form rods. These are called “reconstruction rods”, or “non integer rods”. These 
rods contain no Bragg peaks, as they have no contribution from a bulk crystal, 
but only from one single layer of atoms. The quality of SXRD data gathered at 
synchrotrons is nowadays such that even light molecules with low electron 
density adsorbed on the surface in an ordered lattice will form reconstruction 
rods of measurable intensity [17].  
 
1.7.3: Calculating structures from SXRD 
According to equations (12) and (13) it should be possible to calculate Fq from 
the scattered EM field E(q). It would then be possible to determine the electron 
density and thus the position of the atoms inside a crystal from a diffraction 
experiment. In order to do this it would be necessary to determine both the 
intensity as well as the phase factor of the scattered electric field, i.e. the factor 
e(iqr) from equations (12) and (13). Unfortunately it is in many cases not 
possible to determine the phase of the scattered EM field but only the scattered 
intensity I(q), which is equivalent to |E(q)|2 [17]. Consequently it is only 
possible to determine |Fq|2. Because of this it is usually not possible to directly 
determine the crystal structure from the measured SXRD data. Structures are 
commonly solved by starting with an educated “guess structure”, and 
simulating the diffracted intensity I(q) that would arise from that structure. The 
simulated data is then compared to the measured data, and the original input 
structure is adjusted to improve the fit between the measured data and simulated 
data. The structure that fits the original data best is then determined by iteration. 
It is possible to automate that process and let a fitting procedure minimize the 
(numerical) difference by e.g. a χ2 minimalization. All structures presented in 
this thesis have been determined in this way and the fits have been performed 
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with the software package ANA / ROD [41]. In a more direct way, the size, 
orientation and enclosed angles of a unit cell is determined by the position of 
the diffraction maxima of that specific structure. 
Whereas the position and intensity of the diffraction peaks measured in 
reciprocal space allow scientists to determine the crystal lattice and internal 
structure of the unit cell, other features of the diffracted peaks can be analyzed 
to give additional (morphological) information about the sample. The Full 
Width at Half Maximum (FWHM) of a diffraction peak will typically scale with 
the inverse of the length of the atomically ordered area from which the light is 





∆ =q  (15) 
where L is the average length of the ordered area, ∆q is the FWHM of the 
diffraction peak in reciprocal length units and c is a constant that depends on 
the specific peak shape. This formula is not always valid. For example with 
very sharp peaks the instrumental resolution can strongly influence the 
Figure 8: In-plane diffraction map of a square lattice (black dots). The larger grey 
spots ‘a’ show the effect of diminishing domain size. ‘b’ shows the effect of 
mosaïcity. If the domain size is systematically different in different directions in real 
space, this will also be reflected in the spot size and shape, as shown at ‘c’.  
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measured full width of a peak. For volume Bragg peaks of high quality single 
crystals this formula also fails. There the FWHM will mainly be determined by 
the penetration depth of the X-Rays, and the diffraction will show more 
influence of multiple scattering. Not only the domain size will influence the 
FWHM of a diffraction peak, also the (mis-) orientation of different domains 
(mosaïcity) with respect to each other will change the measured FWHM. Figure 
8 shows the effect of different types of disorder on the FWHM of a few in-plane 
diffraction peaks [43]. 
Scanning, or measuring the diffracted intensity, along different directions in 
reciprocal space will give different information about the structure of the 
sample (see figure 9). The most typical scans that are performed during an 
SXRD experiment are:  
6) Scans along l at integer (CTR) or non-integer positions of the (hk) 
plane. These give information about the out-of-plane ordering of the 
sample (figure 9A and B). 
7) Scans along h, k or a combination thereof. These give information on 
the in-plane structure of the sample (figure 9C). 
8) Rocking scans around the surface normal: Depending on the (hkl) 
position these contain similar information as scans along h or k, but 
with the advantage that the sample moves instead of the detector. By 
scanning only the crystal lattice with respect to q instead of scanning 
both q and kout, this type of scans contains information about the crystal 
structure with a minimum of influence from the instrumental 
parameters (figure 9E). 
9) Scans along (00l). These are commonly called reflectivity scans. The 
CTR at (hk) = (00) can be considered as any normal CTR, with the 
exception that qin-plane = 0. This makes this scan completely insensitive 
for the in-plane (dis)ordering of a sample, yielding information about 
the out-of-plane electron density only (figure 9D).  
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Figure 9: Several examples of SXRD scans. (A): A Crystal Truncation Rod of a 
clean, in-vacüo prepared Pt(111) single crystal, showing one Bragg peak (at l = 2) 
and two anti-phase positions (l = 0.5 and l = 3.5). (B): A scan along l at a non-
integer position, containing the diffracted intensity from only one single atomic 
layer. The diffraction signal (with respect to the background intensity) only shows 
intensity at low l values, and exhibits a smooth decrease as a function of l. (C): An 
in-plane radial scan along the line k = 2h and low l . The scan shows peaks from a 
surface structure at non integer positions. (D) The reflectivity or l-scan at (hk) = 
(00). The reflectivity curve from a clean, bulk terminated crystal is shown (black 
line), and the reflectivity of that same crystal covered with only a few atomic layers 
of an oxide on top of the surface. (E) Rocking scan around the surface normal of the 
Missing Row Reconstruction on Pt(110) before and after exposure to CO. From the 
width of the peak a domain size and shape can be calculated. From the integrated 
intensity we calculate the fraction of the surface which is reconstructed. 
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II: Structure and Reactivity of Surface Oxides on 
Pt(110) during Catalytic CO Oxidation 
 
 
We present the first structure determination by Surface X-ray Diffraction 
(SXRD) during the restructuring of a model catalyst under reaction 
conditions, i.e. at high pressure and high temperature, and correlate the 
restructuring with a change in catalytic activity. We have analyzed the 
Pt(110) surface during CO oxidation at pressures up to 0.5 bar and 
temperatures up to 625 K. Depending on the O2/CO pressure ratio, we find 
three well-defined structures, namely (i) the bulk-terminated Pt(110) surface, 
(ii) a thin, commensurate oxide, and (iii) a thin, incommensurate oxide. The 
commensurate oxide only appears under reaction conditions, i.e. when both 
O2 and CO are present and at sufficiently high temperatures. DFT 
calculations indicate that the commensurate oxide is stabilized by carbonate 
ions ( 23CO
− ). Both oxides have a substantially higher catalytic activity than 
the bulk-terminated Pt surface. 
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2.1: Introduction 
CO oxidation on Pt single crystal surfaces forms a favorite model system for 
heterogeneous catalysis. Most of our present-day understanding of this system 
is based on a large number of experiments that have been carried out under 
laboratory rather than industrial conditions, such as ultrahigh vacuum (UHV) 
and low temperatures. Presently, a growing number of experimental techniques 
is being adapted to bridge the so-called pressure gap and obtain atomic-scale 
insight in the structure, composition and other properties of model catalyst 
surfaces under (semi) realistic reaction conditions. Examples are scanning 
tunneling microscopy [9,20,22,44], surface X-ray diffraction [7,45-47], 
transmission electron microscopy [26], and photoelectron spectroscopy [25]. 
Previous high-pressure STM observations during CO oxidation on Pt(110) have 
demonstrated that at a sufficiently high O2/CO pressure ratio this surface undergoes a 
structural phase transition, which has a dramatic effect on the reaction mechanism and 
strongly enhances the reaction rate [9]. The STM movies have been interpreted in terms 
of the formation of a thin platinum oxide film on the Pt(110) surface, on which the CO 
molecules oxidize through a Mars-Van Krevelen mechanism, and react with O atoms 
from the oxide. There is a growing body of evidence from experiments [6,9,10] as well 
as theory [28] strongly suggesting that similar scenarios are active for CO oxidation on 
other metal surfaces. 
In this chapter we present the first observation by high-pressure Surface X-ray 
Diffraction (SXRD) of a correlation between the reactivity and the structure of a 
catalyst surface. The experiments performed during CO oxidation on Pt(110) 
show that the most active structures are, in fact, two thin oxide film 
configurations, one of which is stable only when the surface is in contact with 
both reactant gasses, CO and O2, at elevated temperatures. 
 
2.2: Crystal preparation 
The experiments were performed at the ID03 beamline of the European 
Synchrotron Radiation Facility (ESRF) in a combined UHV - high pressure 
SXRD chamber (10-10 mbar − 2 bar), which has a volume of ~2 liter and is 
equipped with a 360° beryllium window for entrance and exit of the X-rays 
[48]. The sample could be heated up to 1300 K in vacuum. Connected to the 
STRUCTURE AND REACTIVITY OF SURFACE OXIDES ON PT(110) DURING CATALYTIC CO OXIDATION 
 53
chamber were a gas manifold with four high-purity gasses (N47 grade for CO, 
N55 for all other) and a quadrupole mass spectrometer (QMS) for online gas 
analysis. The chamber was mounted on a z-axis diffractometer with the crystal 
surface in a horizontal plane. A focused beam of monochromatic, 17 keV X-ray 
photons was impinging on the surface at an angle of 1° (~ 4x1012 photons/s). 
The fluorescence radiation in the scattered beam was filtered with a crystal 
analyzer.  
We describe the Pt crystal lattice with two perpendicular unit vectors A1 and A2 
in the surface plane along [110]  and [001] respectively and the third one, A3, 
along the [110] surface normal. |A1| = a0 = 2.774 Å is the Pt nearest-neighbor 
distance; |A2| = √2a0 and |A3| = a0. In reciprocal space H and K are the unit 
vectors in the surface plane (parallel to A1 and A2 respectively) and L is along 
the surface normal. Well-ordered, clean Pt(110) surfaces exhibiting the 
characteristic (1x2) missing-row reconstruction [33] were obtained after several 
ion bombardment (1 keV Ar+) and annealing (1200 K) cycles. The full width at 
half maximum (FWHM) of a rocking scan around the (0 0.5 0.2) reflection was 
typically 0.24°, which corresponds to ordered domain sizes of ~ 1200 Å. 
 















Figure 1: In-plane diffraction peak of the (1x2) missing-row reconstruction of the 
Pt(110) surface (black circles). The peak (and reconstruction) is almost gone after 
exposure to only 10-7 mbar of CO at 425 K for several minutes (hollow circles). 
After exposure to high pressures of CO (100 mbar) and higher temperatures (625 K) 
no peak of the missing row is detectable any more. 
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We then first expose the reconstructed Pt(110) surface to low pressures of CO, 
to lift the missing-row reconstruction [49]. By exposing the surface to 10-7 mbar 
of CO at 425 K the peaks of the missing row reconstruction have already almost 
disappeared. In figure 1, we can see the decrease in intensity of the (0 -1.5 0.1) 
during exposure to 10-7 mbar of CO for approximately 15 minutes 
(approximately 90 Langmuir). Due to the CO the intensity of the peak has 
dropped by more than 90%. We have learned from previous High Pressure 
STM experiments that in order to completely remove the missing row 
reconstruction, and completely reorder the surface to form large, smooth 1x1 
(bulk terminated) terraces, we need to expose the surface to more elevated 
pressures of CO [9,50]. Our procedure to form a well-ordered bulk terminated 
surface was to expose the surface to 100 mbar of CO at 600 K for several 
minutes. The resulting surface shows no intensity at all any more at the position 
of the peaks of the missing row reconstruction. The width of the resulting 
surface diffraction peaks of the (1x1) bulk terminated surface correspond to a 
surface with smooth 1x1 terraces of ~ 3000 Å.  
 
2.3: Exposure to high pressure of O2 
After lifting the (1x2) missing row reconstruction, the surface was cooled to 
room temperature under CO to preserve the (1x1) structure. Subsequently, the 
CO pressure was reduced to 10 mbar and 500 mbar of O2 was admitted to the 
chamber, after which the sample was heated to 650 K. This procedure led to 
new diffraction peaks at non-integer H and K values (see figure 2) forming a 
regular, slightly distorted hexagonal pattern, exhibiting angles of 57.4° and 
61.3°. As indicated in figure 2, the hexagons were aligned with respect to the 
substrate crystallographic directions. The intensities of the new reflections were 
similar to those of the surface reflections from the clean substrate, which 
immediately indicated that they arose from one or more layers of Pt atoms, 
rather than from an overlayer of merely O atoms or CO molecules. One 
diffraction peak of the hexagonal unit cell could not be measured due to 
instrumental limitations, and is missing in the figure. Higher order reflections of 
this structure have been measured up to 4th order but are not shown in this 
figure for clarity. 
 





Figure 2: (a) In-plane reciprocal space map of the new unit cell formed on the 
surface of Pt(110) after exposure to 0.5 bar of O2 at 625 K (black circles). The new 
unit cell is nearly hexagonal, and aligned along the H and K axes of the substrate 
(hollow circles). The reflection in the bottom left quadrant is missing, as it has not 
been measured due to spatial limitations of the diffractometer. (b) The unit cell in 
real space, as determined from (a). 
Figure 3: Ball models of both the incommensurate α-PtO2 layer (left) and the (1x2) 
commensurate layer (right). 
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The reciprocal unit cell of this new structure is spanned by two unit vectors 
which point from the origin to the points (h k l) = (0.92 0.71 0) and (0 1.42 0). 
These two vectors, which we respectively name a* and b*, span the near-
hexagonal unit cell of the new surface structure in reciprocal space. For the 
transformation of this reciprocal unit cell to real space coordinates we use the 














and the cyclic permutations thereof. c is perpendicular to both a* and b*, and 
hence also perpendicular to the surface, as both a* and b* lie in the surface 
plane. Equivalently, a and b are perpendicular to c*, and hence span the surface 
plane in real space. Using equation (1a) we can also calculate the length of all 












For |c| the equation simplifies to 2π/|c*| as the angle between c and c* is zero. 
Figure 2 shows the unit cell of both the substrate and the newly formed 
hexagonal overlayer in both reciprocal (figure 2a) and real space (figure 2b). 
From these calculations and the resulting unit cell shown in figure 2, we 
conclude that the newly formed layer on the Pt(110) surface is a nearly 
hexagonal structure, with unit vectors of respectively 3.19 and 3.06 Å. The 
angle between the unit vectors is not exactly 60 degrees, hence breaking the 60 
or even 120 degree symmetry. The new structure only exhibits mirror symmetry 
in both the H and K axes, reflecting the influence of the substrate on the 
overlayer structure. The unit mesh of this ‘nearly hexagonal’ layer is very close 
to that of α-PtO2 (see figure 3), which is hexagonal and has unit vectors of 
3.113 Å. This suggests that the overlayer is a distorted PtO2 layer, azimuthally 
aligned with the substrate, and oriented with its c-axis parallel to the surface 
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normal [51]. Relative to the bulk lattice of α-PtO2 our surface oxide exhibited 
compressive strain of 4% (±1) along the [1 10]  direction and tensile strain of 
2% (±1) along the [001] direction. The combination of the electronic density of 
the layer and the stacking along the c-axis (see below) confirms that the 
overlayer is indeed a distorted α-PtO2 layer. In different experiments we have 
also oxidized the (1x2)-reconstructed surface without pre-exposure to CO. The 
resulting oxide layers exhibited the same structure, but with very poor order 
[44], both in- and out-of-plane. Hence, all experiments discussed here were 
performed with oxide layers grown on the (1x1) bulk terminated surface. 
Although the structure of the oxide layer presented here is different from the 
structure observed in ref. [44] after exposure of Pt(110) to atomic oxygen at 
lower pressures, some of the structural elements seem to be similar. In 
particular, local configurations in figures 1b-d of ref. [44] resemble the 
geometry of the near hexagonal PtO2 layer presented here. 
A crystallographic data set consisting 22 in-plane reflections (up to 4th order, 10 
non-equivalent) and 3 crystal truncation rods (2 non-equivalent, figure 4) was 
collected to determine the oxide structurei. The oscillations in the diffraction 
                                                 
i The equivalence of the reflections is the one expected for a perfect hexagonal layer, 
exhibiting a 60 degree symmetry. Because of the distortion of the layer with respect to a 
perfect hexagonal layer, the equivalent data have not been averaged, but fitted 
separately. 
Figure 4: left: Structure factor as a function of L at (H,K) = (0.92 -0.71). Middle: 
Structure factor as a function of L at (H,K) = (0 1.42). Right: Reflectivity curve 
[(00L)-rod] (right), measured at 625 K and 0.5 bar of O2 on Pt(110). L is expressed 
in reciprocal lattice units of Pt(110). The solid curves are a fit for an 
incommensurate, 2.6 ML, α−PtO2 oxide film.  
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intensity along L in the data in figure 4 show that several Pt layers were 
involved in the surface oxide. For a quantitative fit to the intensities [52], we 
started from a distorted α-PtO2 film and had as free parameters (i) the thickness 
of the oxide, (ii) the lattice constant along A3 and (iii) the distance between the 
oxide film and the bulk Pt(110). As the scattering of the X-Rays is largely 
dominated by the Pt atoms, the stoichiometry and the relative positions of the 
oxygen atoms were set to those for the bulk oxide. The continuous curves in 
figure 4 correspond to 2.6 ± 0.1 oxide monolayers (ML), i.e. a 40:60 mixture of 
2- and 3-ML thick oxide film, an oxide monolayer being defined as an O-Pt-O 
triple layer. The fitted Pt-Pt distance is 2.8 Å along A3, which is 36% shorter 
than the reported distance in bulk PtO2. The fit to the (00L) rod (figure 4), 
confirms this rather high density of the oxide layer compared to reported values 
for bulk PtO2. This strong contraction might be due to the very small thickness 
of the oxide film. The distance between the outermost Pt layer of the substrate 
and the innermost Pt layer of the oxide was found to be 3.3 ± 0.1 Å, which is 
very close to the Pt-PtO2 distance calculated by Helveg et al. for a fully 
oxidized Pt atom row on the missing row reconstructed Pt(110) surface [54]. 
 
2.4: Reactivity of the Pt surface in CO oxidation 
When exposed to not only one single gas, but to a mixture of O2 and CO, the 
Pt(110) acts as a CO oxidation catalyst. By leaking a small fraction of the gas 
mixture present in the reactor to a mass spectrometer, we can analyze the 
composition of the mixture of gasses inside the reactor. The reactor is used in 
the so-called batch mode, which means there is no flow through the reactor 
during the CO oxidation, and that all the CO2 produced remains in the reactor. 
If the catalyst is working properly, the CO2 pressure should rise as a function of 
time, and the O2 and CO pressure should drop, as they are being consumed to 
form CO2. We can determine the reactivity of the Pt(110) surface by measuring 
the CO2 pressure as a function of time, or equivalently the CO pressure. The 
derivative of the CO2 pressure as a function of time is directly equivalent to the 
reactivity of the surface.  
By measuring simultaneously the diffraction intensities from the Pt(110) and 
the mass spectrometer signal, we can correlate the reactivity of the surface with 
the surface structure in-situ. With these reactivity experiments we can 
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determine the reactivity of both the bulk terminated metallic surface, and the 
oxidized surface described above. 
 
2.4.1: Reactivity on the PtO2 surface  
All reactivity experiments were performed in the following way: the chamber 
was first filled with 500 mbar of O2, with the Pt sample at a temperature in the 
range 425 - 625 K. The Surface X-Ray Diffraction signal showed that under 
these conditions the surface was covered with the α-PtO2 structure discussed 
above. Pulses of pure CO were then introduced into the chamber (e.g. at 
point (a) in figure 5). The CO started reacting to CO2 as soon as it entered the 
chamber. From the decrease in the CO and O2 partial pressures, COP  and 2OP , 
and the increase in the CO2 partial pressure, 2COP , the reactivity of the surface 
Figure 5: Simultaneously measured X-ray diffraction intensity at (0, 1.42, 0.5) from 
the quasi-hexagonal oxide (top panel) and partial pressures of CO, O2, and CO2
(bottom panel). Separate CO pulses were admitted to the reactor, which was 
initially filled with 500 mbar of O2 at a temperature of 625 K. The sharp peaks in 
2O
P are an artefact due to the sudden increase of total pressure at each CO pulse. 
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can be determined. We find that 3×103 molecules of CO react to CO2 per site 
per second at 625 K in a mixture of 80 mbar CO and 500 mbar O2. The 
“turnover frequency” (number of CO2 molecules produced per site per second) 
has been measured in experiments performed at different temperatures. The 
turnover frequency shows to be completely independent of temperature and 
oxygen pressure [10, 23], and depend linearly on the CO pressure. As CO 
oxidation is an activated process like any other catalytic reaction, it should 
exhibit an Arrhenius type behavior as function of temperature. The fact that the 
reaction rate is fully independent of temperature can only be explained in two 
ways. The first is that the energy barrier for this catalytic process is effectively 
0, implying that every molecule that arrives at the catalysts surface has a 
probability of 1 to be converted to CO2. The other possibility is that not the 
catalytic reaction, but another process is the rate limiting step in the production 
of CO2. This would be the case if the reaction rate is limited by the diffusion of 
CO through the predominant O2 atmosphere to the surface rather than by the 
oxidation reaction on the catalyst surface. In this case the probability for a CO 
molecule arriving at the surface to react is indeed 1, although the energetic 
barrier for the reaction does not need to be 0. A catalyst operates in this 
diffusion limited regime when the intrinsic turnover frequency of the catalyst is 
much higher than the flux of reactants to the catalyst surface. The observed 
turnover frequency then does not reflect the reaction kinetics of the surface, but 
is equal to the flux of reactants impinging on the catalyst surface. For our 
experiments we can calculate this flux assuming that the CO, O2 and CO2 
molecules behave as an ideal gas, we can estimate the maximum flux of CO 
molecules to the catalyst surface in steady state conditions by using Fick’s first 
law: 
 
 ( ) ( )J D rϕ= − ⋅∇r  (2a) 
With J(r) the flux of particles, D the diffusion coefficient and φ(r) the particle 
concentration at point r. Due to the shape of our reactor (see appendix A), we 
assume that a gradient in the concentration can only build up in the radial 
direction, we can simplify equation (2a) to: 
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 ( ) ( )dJ r D r
dr
ϕ= − ⋅  (2b) 
Furthermore, steady state conditions impose that the total number of particles 
diffusing through each sphere of radius r is constant, otherwise pressure would 
locally build up in the reactor. We can hence explicitly write J(r) as: 
 
 ( ) 24
FJ r
rπ
=  (3) 
With F a constant which represents the total number of particles instead of the 












= − ⋅∫ ∫  (4) 
Solving the integration, this means that the concentration difference between r2 










− = −  (5) 
From equation (5) we can calculate Fmax, which represents the maximum 
number of CO molecules that can diffuse to the catalyst surface, and hence the 
maximum reaction rate for the diffusion limited case. As the diffusion limited 
regime implies that every single CO molecule which arrives at the surface is 
readily converted to CO2, the catalyst surface acts as a perfect CO trap. The 
local CO concentration at the catalyst surface, φ(r1), must hence be equal to 0. 
We determine φ(r2) from the partial pressure of CO measured at the wall of the 
reactor. At this position the local partial pressure of the gasses can accurately be 
determined as both the pressure gauge and the leak valve to the mass 
spectrometer are positioned there. In the specific case of diffusion limited 
reaction φ(r2)- φ(r1) is hence equal to φ(r2) which itself corresponds to the 
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(measured) partial CO pressure in the reactor. With r2 corresponding to a 
position at the wall of the reactor, and r1 the radius of a small sphere with a 
surface area equal to that of our sample we can state that r2 >> r1. Putting this 
in equation (5), and adding that φ(r2)- φ(r1) ≈ φ(r2), equation (5) simplifies to: 
 






= −  (6) 
or: 
 ( )max 1 24F Dr rπ ϕ= − ⋅  (7) 
We note that Fmax has a negative value, as it describes particle that are being 
removed form the system. 
The geometry in which our sample is mounted does not allow for direct 
diffusion from the bottom part of the reactor volume to the catalysts surface, 
due to the position of the sample on the ceramic heating plate. For this reason 
we only consider a half spherical solid angle for the impingement of CO onto 
the surface, diminishing the value for Fmax found from equation (7) by a factor 
of 2. Our Pt single crystal sample has a surface of 1.13 cm2, which corresponds 
to half a sphere with r = 4.2 mm. The dimensions of our reactor dictate that r2 is 
equal to approximately 10 cm, confirming that r2 >> r1. We take for D the 
tracer diffusion coefficient for CO in 500 mbar of air, which is approximately 
1.25 cm2/second [53]. By putting these numbers into equation 7, we calculate 
Fmax. Dividing Fmax by the number of available atomic sites on the sample 
surface, we then calculate the maximum number of CO molecules that will 
impinge on the catalyst surface in molecules per site per second. For the 
experimental conditions presented earlier, i.e. 80 mbar of CO in 500 mbar of 
oxygen and 625 K, we calculate a maximum flux of 3.0 · 103 molecules/site/sec. 
This value is in full agreement with the reaction rate found in those conditions, 
and confirms the hypothesis that the reaction rate in these conditions is 
diffusion limited. The intrinsic reactivity of the catalyst must hence be 
significantly higher than the number mentioned here. Although this is an 
unusually high reactivity, several other groups have found similarly high 
turnover frequencies in comparable conditions [55-58]. One of these reports 
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mentions that the reaction rate is indeed diffusion limited in similar conditions 
for Pt, Pd and Rh single crystals and polycrystalline wire catalysts. To 
overcome the diffusion limitation, they have diminished the total surface area of 
their catalysts. Although their results are inconclusive, a maximum reaction rate 
of 4·104 molecules/site/sec has been measured on a Pd(110) sample at 525K in 
105 mbar of a 5:1 mixture of CO:O2 [58]. These observations support the 
statement that the intrinsic reaction rate of the catalyst is much higher than the 
maximum flux of CO molecules in these conditions.  
 
2.5: Surface morphology of the α-PtO2 surface 
In the top panel of figure 5 we show the diffracted intensity at (0 1.42 0.5), 
which corresponds to a diffraction maximum of the PtO2 oxide layer. The 
introduction of CO causes a rapid ~25% drop in the intensity followed by a 
slow recuperation. This would seem to indicate a partial reduction of the oxide 
layer, resulting in a thinner oxide layer, and hence a lower diffraction intensity, 
followed by a slow re-growth of the oxide layer to its original thickness. 
However, we have measured the diffraction intensities as a function of L of the 
oxide layer during the recovery. They did not change significantly, indicating 
that the surface remained covered by an equally thick oxide layer throughout 
the reaction, contradicting this initial proposition. The intensity drop observed 
Figure 6: Roughening due to CO oxidation with the Mars-Van Krevelen 
mechanism. Most oxidation events will occur like depicted the images a to d. One 
CO molecule is oxidized, locally (partially) reducing a single Pt atom (b). The Pt 
atom is immediately re-oxidized (c), and the oxide layer is equal to the one at the 
start of the cycle (d). In very rare cases the reduced Pt atom case defuse away from 
its original position (e) before being re-oxidized (f), forming a hole and a protrusion 
in the oxide layer (g), i.e. forming roughness. 
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in figure 5 after the introduction of each CO pulse is therefore ascribed to a 
roughening of the oxide layer caused by the CO oxidation reaction. Such a 
direct correlation between the surface morphology and the oxidation reaction 
can only be explained if the CO molecules react with one, or multiple atoms 
within the oxide layer.  
We propose a model in which a CO molecule reacts with the oxygen atoms of 
the oxide layer, locally (partially) reducing the oxide layer, which we would 
describe as a Mars - Van Krevelen type mechanism [4]. This model is clearly 
different from the Langmuir-Hinshelwood type reaction, where the CO 
molecules would react with a molecule or atom adsorbed on top of the surface, 
which is commonly assumed to be responsible for the CO oxidation process on 
Pt surfaces [60]  
Figure 6 shows the proposed process in schematic images. A single CO 
molecule interacts with the oxide layer, binding with an oxygen atom from the 
layer and hence (partially) reducing a single PtO2 unit cell, leaving behind an 
under-coordinated Pt atom (figure 6 a,b). Normally, this partially reduced Pt 
atom is immediately re-oxidized by the oxygen from the gas phase (figure 6c), 
and the original oxide layer is restored (figure 6d). These ‘reduction-oxidation’ 
cycles have no effect on the structure of the oxide layer. Only rarely the 
partially (or fully) reduced Pt atom has time to diffuse away from its original 
position in the oxide layer, leaving behind a hole in the oxide layer (figure 6e). 
The Pt atom that has diffused away from its original position is re-oxidized on 
top of the original oxide layer, just as the Pt atoms ‘at the bottom of the hole’ 
(figure 6f). This process leads to a growing density of pits and protrusions in the 
oxide layer, i.e. roughness, which manifests itself as a drop in the out-of-plane 
diffraction intensity, as can be seen at every CO pulse in figure 5 at I. The 
sudden change in intensity can hence directly be correlated to this Mars-Van 
Krevelen type mechanism, in which the CO molecules react with the oxygen 
atoms within the oxide layer. We can also see that the recovery of diffracted 
intensity starts shortly after every CO pulse (figure 5 at II). Following the 
model for the roughening as proposed here above, the roughening of the surface 
is a function of the amount of CO oxidized by the PtO2 layer. The formation 
rate of roughness is then directly dependent on the reaction rate, and hence on 
the CO pressure. Counteracting this roughening process we see an smoothening 
process: As soon as roughness is formed on the surface, the oxide surface will 
smoothen as a flat oxide surface is energetically more favorable than a rough 
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oxide surface [57]. The smoothening is a function of the temperature 
(annealing), the diffusion coefficient for the oxide layer, and the amount of 
roughness present on the surface [58]. 
The formation of roughness will start immediately after the introduction of the 
CO into the reactor. According to our model, the rate of roughness formation 
f(t) is a function of the reaction rate, and in this diffusion limited situation i.e. a 
function of the CO partial pressure PCO. If a single reduction event is 
responsible for a single roughening event, f(t) will be linearly dependent on 
PCO, with the probability c0 of such an event happening. If two subsequent and 
locally coordinated reduction events are necessary, f(t) will scale with (PCO)2. In 
general, f(t) will scale with (PCO)n, with n the number of coordinated reduction 
events necessary for a roughening event. If several subsequent and locally 
coordinated events are indeed necessary for a Pt atom to diffuse out of the oxide 
layer, the rate of formation of roughness should also depend on the oxygen 
partial pressure PO2. Following the same arguments as here above, the 
probability for several reduction events taking place subsequently without a re-
oxidation event in the meantime should scale with c0·(PCO)n·(1-c1·(PO2)m)n with 
c1·(PO2)m the probability of re-oxidizing a locally reduced patch on the oxide 
layer. As we have not varied the oxygen partial pressure during our 
experiments, the whole term 1-c1·(PO2)m reduces to a constant, and we can 
effectively take c0·(PCO)n as the probability of roughness formation, with c0 now 
a function of PO2. 
We see in figure 5 (lower panel) that the CO pressure drops exponentially as a 
function of time, after the introduction of each CO pulse. The roughening rate 
will hence have the same exponential time dependence, combined with the 
power law dependence mentioned here above:  
 
 ( ) ( ) ( )( ) ( )0 0 00 0CO CO CO
nn nt n tf t c P t c P e c P eα α− −= ⋅ = ⋅ ⋅ = ⋅ ⋅  (8a) 
With α the time constant for the drop in CO pressure. Renaming c0·PCO(0)n as a 
single constant c1 the formula simplifies to: 
 
 ( ) 1 n tf t c e α−= ⋅  (8b) 
OPERANDO SXRD: A NEW VIEW ON CATALYSIS 
 66
If no smoothening would occur, the change in total roughness R(t) as a function 
of time would be equal to f(t): 
 
 
( ) ( )dR t f t
dt
=  (9a) 
Or equivalently: 
 








−= = − ⋅ +∫  (9b) 
Figure 7 (left panel) shows the roughness development as a function of time, if 
no annealing would occur. The smoothening rate a(t) is the amount of 
roughness removed from the surface as a function of time. As smoothening due 
to annealing is a stochastic process, the smoothening rate a(t) is linearly 
dependent on the amount of roughness present on the surface at time t [59]: 
 
 ( ) ( )tRcta ⋅= 2  (10) 
Taking the smoothening of the surface due to annealing into account, the 
amount of roughness is now determined by the sum of the formation of 
roughness, and the removal of it by the smoothening process: 
 
 
( ) ( ) ( )tatf
dt
tdR
−=  (11) 
Putting equation (8b) and (10) in equation (11) we get: 
 
 
( ) ( )1 2n t
dR t
c e c R t
dt
α−= ⋅ − ⋅  (12) 
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Solving this differential equation gives: 
 
 ( ) 21
2
* c tn t




−− = − ⋅ + ⋅ − 
 (13) 
Where c* is a constant that follows from the integration of equation (12), and 
which together with the factor ( )1 2c cα −  defines the starting value of the 
roughness. The value for R(t) at t → ∞ is 0 for all values of c* according to 
equation (13). This means that the steady state condition for the surface is one 
with 0 roughness. Because of this, we also define the roughness at t = 0, i.e. 
before the first CO pulse is administered, as 0. In figures 5 and 8 we see that the 
intensity does not fully recover after each pulse. This means that each 
subsequent CO pulse, except the first one, starts roughening a surface which has 
a non-zero initial roughness. Because of this, we do not find the same value for 
c* for all CO pulses. In an ideal experiment, the time in between each pulse 
would be long enough to allow the surface to fully smoothen, and each CO 
pulse would be administered to a surface with 0 roughness. 
 




















































Figure 7: Left panel: Calculated roughness formation rate (f(t), solid line), and 
corresponding total built up roughness (R(t), dashed line) as a function of time for 
an exponential decay of the reaction rate in time. Right panel: Calculated total 
roughness as a function of time for roughness formation, and competing annealing 
process.  
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Equation 13 could then be simplified to: 
 
 ( ) ( )21
2




−−= − ⋅ +
−
 (14) 
Figure 7 (right panel) shows the development of the roughness as a function of 
time, taking the annealing process into account. We can see that the total 
roughness is determined by the sum of both processes. This means that the 
surface will roughen when the CO pressure and reactivity are high, i.e. shortly 
after the introduction of a CO pulse. As roughness is formed and the roughness 
formation rate drops due to the drop in CO pressure, the smoothening rate will 
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Figure 8: Top panel: Peak height of PtO2 diffraction maximum as function of time, 
during catalytic CO oxidation (see fig 3); P ~ 500 mbar, T = 625 K. Bottom left:
Zoom on peak height during one single CO “pulse”. Bottom right: Peak height 
converted to roughness. Dashed line is the fit to this data using equation 14. 
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to a flat surface soon after the introduction of the CO pulse (figure 8). Although 
the correct method for measuring the roughness of this surface would be to 
measure the reflectivity, we find that in our experiments the inverse of the peak 
height of the diffraction maxima of the oxide layer scales very well with the 
roughness of that layer. From the peak height shown in figure 8, we can get a 
good qualitative measure for the roughness of the surface. After converting the 
peak height to a roughness value (figure 8, lower right panel), we can fit the 
roughness development as a function of time using equation (14). From the 
quality of the fit, we see that the surface roughness indeed behaves as described 
here above. We get an excellent fit for a very short typical time for the 
roughening α of about 1 minute, and an annealing process at this temperature 
which is approximately 20 times slower. 
This roughening of the surface during CO oxidation through a Mars-Van 
Krevelen mechanism on Pt has already been proposed by Hendriksen et al. 
from High Pressure STM under similar conditions [9]. Our experiments are in 
full agreement with their findings. 
We also note that during the different CO pulses the FWHM of the different in-
plane reflections remains almost unchanged. Due to the incommensurability of 
the oxide layer, the in-plane domain size is already very small (~ 7 - 20 nm 
depending on growth conditions) in the oxide layer grown on the 
unreconstructed Pt(110) surface, and it does not reduce further during the 
roughening.  
 
2.6: Switch from oxide to metal induced by CO pulse 
At the fifth CO pulse (figure 5, point (b)), the peak in CO pressure was so large 
that the oxide layer was reduced completely: the diffracted intensity from the 
oxide layer dropped to zero and the surface reverted to the bulk-terminated 
(1x1) periodicity, found before in pure CO. A simultaneous decrease was 
observed in the reactivity. The turnover number at (b) as calculated from the 
decay rate of COP  is approximately 1.5·10
2 molecules/site/sec which is roughly 
a factor 30 lower than the reactivity would have been if the surface would have 
behaved like at the preceding pulses. The reaction order has also clearly 
changed, since between the points (b) and (c), COP  varied roughly linearly as a 
function of time, whereas it decayed exponentially during the preceding pulses. 
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From this we conclude that the reaction rate on the reduced, metallic surface is 
almost independent of the CO pressure, whereas the reaction rate found for the 
oxide surface depends linearly on COP . The O2 partial pressure is itself, like the 
reaction rate, almost constant as a function of time during this metallic branch, 
making it difficult to make any statement about the dependence of the reaction 
rate with respect to the O2 pressure. We assume that the oxidation of CO on the 
metallic surface occurs through a Langmuir-Hinshelwood reaction mechanism, 
as proposed in literature [2,3,60]. For the reactivity to be independent of the CO 
pressure in a LH reaction mechanism, the surface needs to be completely CO 
saturated.  
 
2.6.1: Rate Limiting step on the metallic surface 
The reaction rate found on the metallic surface varies between 1.5·102 and 
6.0·102 molecules/site/second at respectively 100 and 65 mbar of CO in 500 
mbar of O2 at 625 K. These values are clearly below the maximum diffusion 
maximum for CO molecules in these pressure and temperature conditions. 
Putting these turnover frequencies into equation (5), we calculate that the 
pressure drop between the measured CO partial pressure at the wall of the 
reactor and the local CO partial pressure at the catalyst surface is only in the 
order of 10 mbar. At these reaction rates the catalyst is hence not in the 
diffusion limited regime, and the observed reaction rate indeed reflects the 
intrinsic turnover frequency of the catalyst.  
 
2.7: ‘Spontaneous’ switch to high reactivity 
For each CO2 molecule formed, 1 molecule of CO but only half a molecule of 
O2 is consumed. This means that in this closed reactor (batch) configuration, 
twice more CO than O2 is consumed during the formation of CO2. The CO 
oxidation reaction will hence always push the balance of the gasses towards a 
more oxidizing environment. The only exception to this is if at any moment all 
the oxygen is consumed and the CO is not. This means that due to the reaction, 
the conditions in the reaction chamber will slowly shift towards more oxidizing 
conditions as a function of time, and when enough CO is consumed, the surface 
will ‘spontaneously’ re-oxidize. This is what happens at point (c) of figure 5. At 
this point in figure 5 the partial pressure ratio 
2CO O
P P  reaches approximately 
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0.2 . The CO2 formation rate spontaneously accelerates, and the variation in all 
partial pressures exhibits an exponential behavior again. From this we conclude 
that the catalyst had reverted to its ‘high-reactivity’ phase, i.e. the oxide phase.  
Interestingly, the diffraction intensity associated with the PtO2 incommensurate 
oxide layer only comes back after approximately 20 minutes after (c), at point 
(d). At this point, almost all CO has already been consumed and transformed 
into CO2. The reaction rate, which scales linearly with the CO pressure is at that 
point almost 0. Because of this delay, the high reactivity found at point (d), 
cannot be linked with the presence of the PtO2, as is the case for the first part of 
the experiment, before (c). 
 
2.8: Intermediate structure: commensurate (1x2) 
In figure 5 the X-Ray detector is placed at (h k l) = (0 1.42 0.5), which 
corresponds to the diffraction maximum of one of the crystal truncation rods of 
the hexagonal PtO2 layer. The intensities plotted in figure 5 have been recorded 
only as a function of time, with the detector at a fixed position. This means that 
we are only sensitive to structures that exhibit a diffraction maximum at that 
specific position. We remain insensitive to any structure with diffraction 
maxima at different positions in reciprocal space, or even this very structure, 
but with a slightly contracted or expanded lattice constant. By measuring more 
than one single point in reciprocal space, i.e. scanning a small area (line) 
repetitively we can be sensitive to different structures as a function of time. By 
then plotting a series of these scans as a function of time (figure 9, top panel), 
we get a clear picture of the development of different structures on the surface, 
instead of being sensitive to just one structure. Each of the scans plotted in 
figure 9 takes approximately 40 seconds, and consists of 40 points, 0.5 sec 
counting time per point. Our time resolution for structural changes on the 
surface is hence in the order of 40 seconds in the worst case, or less than 1 
second in the case the detector is exactly at the peak position when the surface 
structure changes. 
We see from figure 9 that simultaneously with the moment the reaction speeds 
up, a new diffraction peak appears in reciprocal space. This new peak, which 
exhibits no time delay with respect to the acceleration of the reaction rate 
appears at integer H-values and half-integer K-values. The new peaks 
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correspond to a commensurate (1x2)-structure (Ball model see figure 3, in-
plane diffraction map see figure 10).  
The intensities of the new diffraction peaks are high, indicating that also these 
are due to a structure involving Pt atoms. As discussed earlier in this chapter, 
the Pt(110) surface exhibits a so-called missing-row reconstruction after 
cleaning in UHV conditions, which has exactly the same in-plane symmetry as 
the one exhibited by this new structure [33]. One could think that the 
(1x2)-structure measured here is this already known structure. Figure 10 shows 
L-scans of the crystal truncation rods of two of the new (1x2)-structure 
diffraction maxima. They clearly differ from the calculated values expected for 
the (1x2) missing-row reconstruction, indicating that the structure differed 
strongly from the known missing-row reconstruction. We have found this 
Figure 9: top panel: Diffraction scans in a narrow range from K = -1.30 to -1.65 
and at (H = 0, L = 0.13). Bottom panel: Partial pressures of CO and CO2, 
simultaneously measured at 
2O
P = 500 mbar and T = 530 K. Together with the 
increase in the reaction rate, at t = 9 min, a half-order diffraction peak appeared at 
K = -1.50. When nearly all CO had been consumed, at t ≈ 30 min, this diffraction 
peak decreased to zero while the peak of α-PtO2, at K = -1.43, appeared.  
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commensurate (1x2)-structure to only be stable under reaction conditions. 
Efforts to evacuate the present gasses, to study the new structure under UHV, or 
attempts to quench the surface with the (1x2)-structure present all failed. Even 
during reaction conditions the time during which the (1x2)-structure is stable is 
very limited.  
The solid curves in figure 10 show the fit of the L-scans, based on a simple 
structural model in which every second close-packed [110]  row of surface Pt 
atoms was strongly displaced both in- and out-of-plane. In addition to this large 
displacement, small relaxations of all other atoms in the two topmost layers of 
Pt were considered. Relaxations beyond this second layer did not add any 
accuracy to the fit, and were hence neglected, as were the C and O atom 
positions. In the best-fit structure every second Pt surface atom row was 
displaced by (0.5 -0.38 0.67), expressed in unit vectors of the (1x1) unit cell, 
while the relaxations of the other atoms were modest (figure 3). With the low-
symmetry position of the shifted Pt atom rows, two equivalent mirror versions 
can be formed, and the best fit was obtained for nearly equal proportions of 
these. 
 
2.8.1: The (1x2)-structure: DFT calculations 
The observation that the (1x2)-structure was only stable under reaction 
conditions, when both CO and O2 were present, strongly suggests that the 
(1x2)-layer was stabilized by the presence of CO or a CO-related species, 
adsorbed on or in the (1x2)-structure. In order to further substantiate this notion 
Density Functional Theory (DFT) calculations have been performed by B. 
Hammer and T.M. Pedersen [61, 62], following the methods described in ref. 
[44]. They have investigated structures with the Pt atom density of Pt(110)-
(1x1) and at most one first layer row shifted half a lattice spacing along the A1 
direction, as found in the experiment, and with adjustable displacements along 
A2 and A3. Only one structure was identified that involved a high-lying Pt row, 
consistent with the experiment (figure 3), and its free energy per surface unit 
cell was within 0.27 eV from the most stable structure found. Since this energy 
difference is comparable to the accuracy of DFT [63] for these specific 
calculations, the DFT results seem to support the presence of a surface structure 
with such a high-lying Pt-row.  
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An essential feature of the proposed structure is the presence of one carbonate 
ion ( 23CO
− ) per unit cell, which stabilizes the high Pt row and thus the 
commensurate (1x2)-layer. The most stable structure found was incompatible 
with the structural data from the X-ray experiments, and is hence not presented 
here.  
 
Figure 10: left: in-plane reciprocal space map of the commensurate (1x2)-structure. 
Middle and right: The (0 1.5 L) and (0 2.5 L) rods of the (1x2)-structure, formed at
625 K and 0.5 bar of O2 and approximately 35 mbar of CO on Pt(110). The solid 
curves are fits for the carbonate-stabilized commensurate oxide film, as discussed in 
the text. The dash-dot lines are calculated curves for the (1x2) missing row 
reconstruction [14]. 
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2.8.2: Mixed coverage and stability of (1x2)-structure 
Looking further down the timeline in figure 9 we see that the incommensurate, 
quasi-hexagonal oxide structure starts gaining intensity only after 
approximately 30 minutes. The appearance of the incommensurate oxide layer 
coincides with the disappearance of the (1x2)-layer. By normalizing the total 
intensity of the incommensurate oxide layer to 1, we get a crude number for the 
“coverage” of the surface with respect to the incommensurate oxide. We can do 
the same for the (1x2)-layer. The result of the intensities normalized for every 
scan of figure 9, and plotted as a function of time is shown in figure 11. The 
average of both normalized intensities has also been plotted. We can interpret 
this averaged value as a “total coverage” of the surface. From the constant value 
of this total coverage, we conclude that the surface is fully covered by either the 
(1x2)-layer or the incommensurate oxide, or a mixture of both at any time 
during this reaction. This excludes the possibility that a small fraction of the 
surface would e.g. still be in the metallic state and responsible for a part of the 
reactivity measured during the experiment. From this graph we can also 
conclude several things about the growth rate, the rate limiting step for the 
oxide growth, and whether the surface is in thermodynamic equilibrium with 
the gas phase or not. 
The fact that the normalized curve of the oxide is exactly complementary with 
the normalized curve of the (1x2)-layer means that the bulk-like oxide layer 
grows to its full thickness already while it is competing with the (1x2)-layer on 
the surface. If the thickness of the oxide layer would continue to grow after the 
(1x2)-layer has disappeared, the normalized sum of both would not add up to 1 
during the growth of the oxide peak, but to a lower value until the oxide would 
have reached its full thickness. The fact that the ‘average’ curve in figure 11b 
does not show a dip in intensity during the mixed (1x2) and oxide phase shows 
that the growth of the oxide layer is not the rate limiting step for the process of 
going from the (1x2)-layer to the oxide covered surface. Figure 11c shows the 
normalized intensity of the oxide layer at respectively 530 K and 510 K as a 
function of time. The oxide growth rate, which can be derived from this graph, 
is equal for both temperatures. We can therefore either conclude that the growth 
of the oxide layer, which replaces the (1x2)-layer, is a process which is not 
thermally activated, or that the switch from the (1x2)-layer to the oxide is not 
limited by the oxide growth rate. In this lather case, the surface structure 
corresponds to the real thermodynamic equilibrium structure at all times during 
OPERANDO SXRD: A NEW VIEW ON CATALYSIS 
 76
the experiment, and only depends on the partial pressures of the different gasses 
present at a specific time. As the growth rates are much slower than the 
exchange of molecules between the gas phase and the surface, we can rule out a 
process with 0 activation energy. The rate of such a process should be in the 
order of the impingement rate of molecules on the surface (i.e. the ‘attempt 
frequency’) which is between 103 (for CO) and 106 monolayers per second. The 
process observed here is much slower; the (1x2)-layer decays at a rate of 0.1 
monolayer per minute, the oxide grows at about 3 times that rate. A process 
with 0 activation energy is hence excluded and we conclude that during these 
experiments the (mixed) surface structure and composition is always in 
thermodynamic equilibrium with respect the gas phase. The mixed coverage of 
the (1x2)-layer and the oxide at any moment during the experiment is hence the 
correct equilibrium structure for the present gas mixture, and not an unstable or 
transient structure. Whether this is a static or dynamic equilibrium cannot be 
concluded from our experimental observations, but in view of the proposed 
Mars - Van Krevelen mechanism and the high reaction rate, a dynamic 
equilibrium is the most probable.  
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Figure 11: a) The intensities of the (1x2) layer (black circles), and of the bulk oxide 
(hollow circles) from the dataset shown in figure 9. b) The average of both 
normalized intensities ((I1x2 + IPtO2)/2, grey hollow squares) The constant value of 
this average shows there is no variation in total coverage, and that hence the 
surface is continuously covered by either the (1x2) structure or the bulk-like PtO2
structure, or a combination of both. (T = 530 K, Ptotal ~ 0.5 bar). c) Comparison of 
the growth of the oxide layer upon switching from (1x2) to oxide at 530 (hollow 
circles) and 510 K (black squares). From the similarity of both curves we conclude 
that this is not governed by the energy barrier of the process and the growth rate of 
the oxide, but rather that the coverage of oxide at any time t reflects the true 
thermodynamic equilibrium state of the system. d) The reaction rate as a function of 
temperature in the low (metallic) branch and high (1x2 / oxide) branch. The 
reaction rate in the high reactive is the same for all temperatures, indicating that the 
reaction rate is diffusion limited as it does not exhibit the expected Arrhenius type 
behavior. 




















































































OPERANDO SXRD: A NEW VIEW ON CATALYSIS 
 78
If the structure of the surface indeed only depends on the chemical potential of 
the different gasses present, the same structure (or mixture of structures) in the 
different experiments must be dictated by the chemical potential. It does not 
need to be equal for the exact same gas composition of each experiment, as the 
temperature of each experiment is different and the chemical potential changes 
with temperature. But the rate at which the surface structure changes is 
determined by the rate of change in gas composition. This rate is the same for 
different experiments, because the change in gas composition is determined by 
the reaction rate, and this value is limited by the diffusion of the CO through the 
predominant O2 atmosphere. The rate at which the gas pressures change during 
the different experiments must be equal (figure 11, bottom right panel), and the 
rate of change of the surface structure also will be. This is clear evidence in 
support of the statement made here above that the surface structure, even when 
composed of a mixture of the (1x2) and α-PtO2 oxide layer, reflects the true, 
thermodynamic equilibrium situation in which the sum of surface free energy 
and chemical potentials has been minimized.  
Changing the temperature at which the experiment is performed has strong 
influence on the stability of both the oxide and (1x2) phases. In figure 12 I 
show consecutive experiments performed at respectively 530 K (top panel), 510 
K (middle panel) and 425 K (lower panel). The lifetime of the (1x2) phase is 
clearly longer at more elevated temperatures. At 425 K the lifetime shortens to 
a point where the (1x2)-layer is only visible in the very first scan, and then is 
already gone in the second one. To get a clear value for the lifetime of the 
(1x2)-layer at this temperature, we have repeated the experiment, with the 
detector a one single position (no scan), which allows for a time resolution well 
below 1 second. The result of this is shown in the inset (bottom right). The 
typical lifetime for the (1x2)-layer has been fitted with a single exponential 
decay. From this fit we find a typical time τ of 45 seconds. The counting time 
for each point in this scan is 0.2 seconds. Even in this faster scan, not a single 
point has been measured showing an intermediate intensity, i.e. showing the 
growth process of the (1x2)-layer. We can conclude from this that the switching 
from the metal surface to the (1x2)-layer is much faster than a single 
measurement point, i.e. much faster than 0.2 seconds.  
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Figure 12: Behavior of the (1x2)-structure and PtO2 layer as a function of time for 
respectively 530 K (top panel), 510 K (middle panel) and 425 K (bottom panel). The 
dashed line gives the exact switching moment from low to high reactivity. The solid 
line are just lines to guide the eye along the intensity maxima of both the 
(1x2)-structure and the oxide layer. At 425 K the (1x2)-structure appears and is 
removed in a time of the order of a single scan. It can be seen only as a small, 
asymmetric peak in the scan starting at minute 9 of the bottom panel, exactly at the 
dashed line. The inset on the right (bottom panel) shows the behavior as a function 
of time of the (1x2) structure with the detector at a fixed position. The intensity has 
been fitted with a simple exponential decay function (solid line). The typical time for 
the structure to disappear is 45 seconds. This is indeed in the same order as a single 
line scan.  
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The change in lifetime is caused by the varying CO pressure, or more 
accurately the CO/O2 ratio at which the surface switches from the metal surface 
to the high reactive, (1x2)-layer or oxide layer. This change in the CO/O2 ratio 
at which the surface switches is caused by the change in chemical potentials of 
the different gasses with respect to the surface free energy of the different 
structures. We can gain more insight into the behavior of the surface by plotting 
the CO/O2 ratio at which the surface switches from the metallic phase to the 
(1x2)-layer, and then from (1x2)-layer to the incommensurate oxide as a 
function of the temperature at which the experiments were performed instead of 
the time. This is plotted in figure 13. The transition from the (1x2) layer to the 
oxide is a gradual one, allowing for mixed (1x2) and oxide coverage. This 
gradual change is not expressed in this phase diagram. Within the whole area 
named ‘mixed (1x2) / oxide’ the surface exhibits all coverages from 100% 
Figure 13: Phase diagram showing the stable regions for the metal phase (dark 
grey), the (1x2) or mixed (1x2) and oxide phase (white) and the PtO2 phase (light 
grey). The solid line and black squares show the CO / O2 ratio at the transition from 
metal to the (1x2) or oxide phase, i.e. the switch from low to high reactivity, as a 
function of temperature. The hollow circles (and solid line) depict the CO / O2 ratio 
at which no (1x2) structure could be detected any more as a function of temperature.
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(1x2) to 100% oxide. The line delimiting the transition from this phase to the 
pure ‘oxide’ phase represents the CO / O2 ratio at which no (1x2) signal is 
detectable any more with the X-Rays. This boundary has a large (relative) error 
bar, as the removal of the (1x2)-layer is a gradual process showing no ‘sharp’ 
transition, and the exact diffracted intensity at which no signal from the (1x2)-
layer is detectable any more depends strongly on the noise and background 
levels of our detector. 
The graph shows that the pressure (ratio) window inside which the (1x2) layer 
is stable increases with temperature. By extrapolating this trend to conditions of 
higher temperatures and higher CO / O2 ratios, we can predict the state of an 
automotive catalyst under real working conditions. A typical automotive CO 
oxidation catalyst runs at temperatures up to 1200 K, and in a CO / O2 ratio of 
approximately 1 [64]. Our measurements indicate that at those temperatures and 
mixture, one should expect the (1x2)-layer to be the only phase present on the 
surface. Obviously, real conclusions can only be drawn from experiments 
actually performed under the real temperature and pressure conditions. 
Furthermore one has to take into account the fact that a “real” automotive 
catalyst is exposed to a wider mixture of reactive gasses next to O2 and CO, 
including mainly NOx species and (partially oxidized) carbohydrate chains. 
 
2.9: Conclusions 
In this chapter we have explicitly demonstrated the influence of the formation 
of a surface oxide in a catalytic process under realistic pressure and temperature 
conditions. The surface oxide and (1x2)-layer found here on Pt(110) have a 
much higher reaction rate than the original metallic surface, and are hence a 
‘better’ catalyst for CO oxidation. Our observations show that in-situ 
measurements under actual reaction conditions are an absolute necessity for a 
meaningful investigation of the surface structure and chemical behavior of this 
model catalyst. The presence and role of the (1x2)-layer, which is obviously of 
great importance when the reaction mechanism and reactivity of a real catalyst, 
could not have been found either in experiments under UHV or in so-called pre- 
and post-reaction experiments. 
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III: Interaction between Pt(111), O2 and CO at 
elevated pressure and temperature 
 
In this chapter we present a series of SXRD experiments performed at high 
pressure and temperature on the Pt(111) single crystal surface. We have 
studied the interaction of CO and O2 with this surface, as they form a classic 
model system for studying the catalytic oxidation of CO. We have studied the 
interaction of each single gas with the surface in the full range from UHV to 
atmospheric pressure. A very important result is the in-situ measurement of 
the oxidation of the Pt(111) surface, under formation of only several 
monoatomic layers of α-PtO2. Secondly we have exposed the surface to 
mixtures of both gasses at elevated temperatures. We have measured the 
structure of the surface and its reactivity in the catalytic oxidation of CO 
simultaneously under semi realistic reaction conditions. The main result of 
this experiment is that we unambiguously show that the α-PtO2 layer exhibits 
a much higher reactivity in CO oxidation than the bulk terminated Pt(111) 
surface. 
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3.1: Introduction 
One of the main reasons for using the Pt(111) surface as a model surface is that 
it has a closed packed, hexagonal surface, which exhibits no surface 
reconstruction in clean UHV conditions. It has a simple 1x1 unit cell (figure 
(1)), and is relatively easy to clean under UHV conditions. Because of this, it 
forms a beautiful model system for the interaction between molecules and metal 
surfaces and the interaction between Pt(111), O2 and CO has been studied 
widely in the past (e.g. [60,65,66] and the references therein). It is especially 
often used as a model system for heterogeneous catalysis, and the CO oxidation 
reaction on Pt is sometimes referred to a the ‘fruit fly’ of catalysis.  
Early experiments under UHV conditions exposing the Pt(111) surface to both 
CO and O2 have yielded a vast amount of data on the interaction between the 
Pt(111) surface and the reactant gas molecules for CO oxidation. But recent 
data from in-situ high pressure STM experiments have given a new impulse to 
the research on this catalytic system. Bobaru and coworkers have found that, in 
contrary to the common knowledge from the literature, the surface of a Pt(111) 
crystal forms an ultra-thin oxide layer under certain reaction conditions, which 
is catalytically much more active than the bare metallic surface [13,67]. Until 
now, oxide formation was believed to poison the catalyst (i.e. reduce the 
reaction rate) [82]. The Langmuir-Hinshelwood process that ran on the metallic 
surface was commonly seen as the active phase of the catalyst [60]. In this 
chapter we show with new High Pressure SXRD experiments, that indeed a Pt-
oxide layer forms on the surface of Pt(111) under elevated pressure and 
temperature conditions. We confirm the findings of Bobaru et al. that this layer 
is a better catalyst for CO oxidation, exhibiting a much higher reaction rate for 
CO oxidation than the metallic surface. Secondly we find, in accordance to the 
work of Bobaru et al. that the reaction mechanism on this oxide surface is very 




The experiments were performed at the ID03 beamline of the European 
Synchrotron Radiation Facility (ESRF) in the combined UHV - high pressure 
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SXRD chamber which is described in appendix A [48]. Inside the vacuum 
chamber, the sample was mounted on a BN heating plate and could be heated 
up to approximately 1300 K. Connected to the chamber was a gas manifold 
with four high-purity gasses (N47 grade for CO, N55 for all other). The 
chamber is also equipped with a quadrupole mass spectrometer (QMS) for 
online gas analysis. The setup was mounted on the z-axis diffractometer 
described in appendix B, with the crystal surface in a horizontal plane. A 
parallel beam of monochromatic, 17 keV X-ray photons was impinging on the 
surface at an angle of 1° (~ 2x1011 photons/s). The fluorescence radiation in the 
scattered beam was filtered with a crystal analyzer.  
We describe the Pt crystal lattice with two unit vectors A1 and A2 which lie in 
the surface plane and which point respectively in the [1 10]  and [-101] 
direction. A third vector A3 is perpendicular to the surface, and point in the 
[111] direction, i.e. the surface normal. |A1| = |A2| = a0 = 2.774 Å. This is the Pt 
nearest-neighbor distance, and thus A1 and A2 span the surface unit cell of 
Pt(111). |A3| = √6a0 = 6.795 Å. One can transform these vectors to reciprocal 
space by using equations 1a and b from chapter 3. The resulting reciprocal 
Figure 1: Ball model and unit cell of Pt(111) spanned by A1 and A2 (top). Schematic 
unit cell in real space (left), and corresponding reciprocal space unit cell (right). 
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space unit vectors are called H and K for the unit vectors that lye in the surface 
plane, and L for the vector along the surface normal. A ball model of the 
surface, together with a schematic drawing of both the real space and reciprocal 
space unit cell are shown in figure 1. 
Well-ordered, clean Pt(111) surfaces were obtained after several ion 
bombardment (1 keV Ar+) and annealing cycles. During the annealing cycles 
the surface was first heated to approximately 1050 K in a background pressure 
of 10-6 mbar of O2 for 15 minutes to remove any carbon contamination. 
Subsequently the surface was flashed in vacuum to remove any adsorbed 
oxygen or oxide formed on the surface. After cooling, the cleanliness of the 
surface was checked Auger Electron Spectroscopyi. The crystalline quality of 
the surface was checked with SXRD. The full width at half maximum (FWHM) 
of a rocking scan around the surface normal at (h k l) = (1 0 0.5) was typically 
0.07°, which corresponds to ordered domain (i.e. terraces) of linear dimensions 
of approximately 5000 Å.  
 
3.3: Exposure to O2 
3.3.1: Low pressures of O2 
The clean Pt(111) surface was then exposed to O2. The surface was first heated 
in vacuum to 425 K, and exposed to a pressure of 10-6 mbar of O2. During this 
exposure, we measured no changes in the Crystal Truncation Rods (CTRs) of 
the Pt(111) surface with respect to the clean surface under vacuum conditions.  
 
3.3.2: High pressure of O2: 
Keeping the surface at 425 K, we increased the pressure by factors of 10 
starting form 10-6 mbar. Up to 10-1 mbar of O2, no changes were observed in the 
diffraction signals, with respect to the clean surface in UHV conditions. When 
exposed to a pressure of 1.0 mbar of O2 at 425 K, several changes are seen in 
the X-ray diffraction from the surface. New diffraction peaks appear along all 
                                                 
i The Auger Electron spectroscopy was performed in a different UHV system, following 
the exact same sputtering and annealing procedure.  
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main reciprocal space axes at ± 0.89 · H and ± 0.89 · K (figure 2), exhibiting a 
60° degree symmetry (figure 3, top right, hollow points, grey diamond).  
The in-plane unit cell formed by these new peaks in reciprocal space 
corresponds to a hexagonal unit cell in real space (figure 3, ball model). The 
length of the vectors spanning this unit cell in real space is (0.89)-1 · a0 = 3.1 Å. 
Such a unit cell corresponds very accurately to an α-PtO2 unit cell, which has a 
hexagonal unit cell, with vectors of 3.113 Å [7]. Not taking the scattering of the 
oxygen atoms into account, this α-PtO2 unit cell indeed exhibits a 60° degree 
symmetry. The surface was subsequently exposed to more elevated pressures of 
O2 (10 mbar, 100 mbar, 1000 mbar) at the same temperature. At every increase 
of the pressure the diffraction from oxide layer grows slightly in intensity, 
going from sub-monolayer coverage at 1 mbar, to a couple of monolayers at 
1000. The thickness and growth rate of the oxide layer also depends strongly on 
the temperature, but no systematic investigation of the growth or thickness as a 
function of temperature has been performed. 
3.3.2.1: Orientation and commensurability 
A data set of 5 rocking scans around the surface normal has been gathered. 
When ignoring the contribution of the oxygen in the α-PtO2 unit cell on the 
scattering of the X-rays, only 2 of these peaks are non-equivalent. Due to the 
symmetry of the unit cell, the intensity and width of these peaks only varies due 
to the length of the diffraction vector q, and this variation hence yields no 
information on the internal structure of the unit cell. From the width of rocking 
scans around the surface normal we can determine the average in-plane domain 
size within the α-PtO2 layer. The typical theta scan of the oxide layer, shown in 
figure 2 of the first order diffraction peaks at (0.89 -0.89 0.5), shows a full 
width at half maximum (FWHM) of 6.5°. This corresponds to a linear domain 
size of 55Å. From this data set we conclude that the α-PtO2 layer is oriented 
along the main crystallographic axes of the substrate. This can be expected from 
the fact that both the substrate and oxide layer share the same 120° degree 
symmetry (or 60° degree symmetry when only observing 1 single atomic layer 
of Pt(111)).  
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Figure 3: a) Rocking scan around the surface normal of the oxide peak after 
exposure of the surface to 1.0 mbar of O2 at 420 K. b) Superimposed series of scans 
taken at a 2 minute interval along the K direction during the growth of the oxide 
layer at 470K and 500 mbar of O2, showing both the diffraction signal from the 
Pt(111) surface at K = -1 and from the growing oxide layer at K = -0.89. 




































Figure 2: Crystal structure of α-PtO2 (top left). Measured in-plane reflections and 
reciprocal space unit cell of incommensurate α-PtO2 layer (top right, grey unit cell, 
hollow white circles) and Pt(111) unit cell (dark grey, black circles). The α-PtO2 is 
aligned along the crystallographic axes of Pt(111), but is incommensurate, showing 
peaks at H = 0.89, K = 0.89 and linear combinations thereof. Ball models of side 
and top view of a single O-Pt-O layer of α-PtO2 on the Pt(111) surface. The top view 
also shows the real space in-plane unit cells of both oxide (grey) and metallic 
surface (black). 
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Although well oriented, the oxide layer is incommensurate with respect to the 
substrate, as it shows no coincidence lattice with the Pt(111) in-plane lattice. 
From the ratio of the respective unit cell sizes, one could argue that an extended 
(8x8) or (9x9)-α-PtO2 cell would coincide with respectively a (9x9) or (10x10) 
unit cell of the underlying Pt(111) and nicely describe the epitaxial relationship 
between both structures. Unfortunately, the average domain size within the 
oxide layer (see here above) is of the same order as such an “(8x8) on (9x9)” 
coincidence cell. So, although such a cell would fit nicely, it is not expected to 
have a real structural influence on the structure of the α-PtO2 layer on this 
surface.  
No further fitting has been done to the data to try to improve or further detail 
the in-plane structure of this oxide layer. One only possible addition would have 
been to fit the position of the oxygen atoms within the unit cell. Unfortunately, 
contribution of the oxygen atoms to the total diffracted intensity is relatively 
moderate, as the diffracted intensity scales with the square of the number of 
electrons around an atom. A small movement of the Pt atoms within the unit 
cell will have a similar effect on the diffracted intensity as completely removing 
the oxygen atoms. Because of this, our fitting procedure is not very sensitive to 
the position or presence of the oxygen atoms within the unit cell. In all 
calculations, the oxygen atoms have been put at their expected (bulk) position, 
and these positions have not been allowed to relax during the fitting procedures. 
3.3.2.2: Thickness 
In the case of the growth of such an oxide layer on a smooth, single crystal 
metal surface, several methods can be used to determine its thickness, and out-
of-plane properties with SXRD. The most accurate and robust method is to 
measure the specular reflectivity of the surface. Put in HKL coordinates this is 
equivalent to measuring a (0 0 l)-scan. The growth of a layer of a finite 
thickness and with a different electronic density than the bulk of the substrate 
can very accurately be determined with this reflectivity measurement. Both the 
thickness and the electronic density of the layer can be determined from the 
features of the reflectivity curve [17,39,68].  
A specific feature of the reflectivity is that it is only sensitive to the out-of-
plane structure of the surface and totally insensitive to any in-plane structure 
due to the fact that the in-plane component of the diffraction vector q is 0. At 
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any point along the (0 0 l)-scan q always points exactly in the direction of the 
surface normal, hence probing the variation in electronic density in that 
direction only. This is shown in the schematic drawing of figure 4. The (only) 
two values to which a reflectivity curve is sensitive, and hence that can be 
determined from such a measurement are the layer positions of the newly 
grown layers, or as shown in figure 4 the position of the surface(oxide) layers 
p1 to p4 and the electronic density of these layers, depicted as e1 to e4. These 
two parameters per layer fully determine the diffracted intensity measured in a 
(0 0 l)-scan. To see the effect of these parameters we can simulated the 
reflectivity of a clean Pt(111) surface and an oxide-covered surface. The effect 
of varying the different parameters is shown in figures 5(a) and 5(b). For these 
simulations, a Pt(111) bulk and 4 Pt(111) “surface layers” have been chosen. 
By varying the occupancy number of these surface layers with respect to bulk 
Pt(111) from 0% (‘empty’) to 100% (bulk Pt(111)) oscillations appear as a 
function of the out-of-plane reciprocal space vector L. The depth of the 
oscillations along the (0 0 l) curve changes (figure 5 (a)) as a function of this 
occupancy number, nicely showing the ‘bulk’ reflectivity at both 0% and 100%, 
and the strongest oscillation at 50% occupancy. The exact position of the 
minima along the reflectivity curve is sensitive to the spacing between two 
oxide monolayers, the total thickness of the oxide layer and the distance 
between the oxide layers and the Pt(111) bulk. In figure 5 (b) a simulation is 
shown in which the interlayer distance within the oxide is varied. Obviously, 
several equivalent methods exist for defining and fitting these parameters. If we 
fix the electronic density of each new layer to that of α-PtO2, and vary a 
so-called occupancy number, we can fit the thickness of the oxide layer in 
numbers of fully and partially filled monolayers of oxide. The position of each 
oxide layer can be varied individually, or we can assume an isotropic crystal, 
simplifying the position of the layers to two parameters: the distance of the first 
layer with respect to the Pt(111) surface, and a constant interlayer distance. The 
measured reflectivity data from the Pt(111) surface after exposure for to 500 
mbar of pure oxygen at 400 K is shown in figure 5(c). As a reference the clean, 
smooth, bulk terminated Pt(111) surface in UHV conditions is also shown in 
figures 5 (c) and (d).  
From the oscillations along the curve, it is clear that a layer of “non-bulk” 
material has grown on the surface. Fitting these oscillations with the method 
and model described here above results in the grey, continuous curve, which 
describes the data relatively well (solid grey curve).  
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This fit shows that this oxide layer is 6.7 Å thick, with an average electronic 
density of 2.9 e-/Å3. This corresponds to approximately 1.5 monolayers of 
oxide. Adding one extra layer in the fit procedure did not improve the fit 
significantly, and showed an occupancy for this last layer of below 5%. Figure 
5(d) shows the reflectivity from the Pt(111) surface after exposure to 500 mbar 
of pure oxygen at 575 K. From the spacing between the minima of the 
oscillations we can immediately conclude that the oxide layer is thicker than the 
one causing the oscillations shown in figure 5(c). Fitting this intensity curve 
with the same method as described for figure 5(c) yields a very good fit to the 
data (continuous grey curve). In this case the best fit is achieved for an oxide 
slab composed of 11.6 Å, which corresponds to a slab of 2 to 3 α-PtO2 oxide 
layers. Adding one extra monolayer of α-PtO2 to the fit did not improve the fit 
significantly, and gave an occupancy number close to 0% for this outermost 
Figure 4: Schematic model for specular diffraction from a bulk terminated surface 
plus several layer of ‘oxide’. Only two parameters influence the diffracted intensity: 
The electronic density (ρe), and the position of the oxide layers. The electronic 
density influences the total diffracted intensity from one single layer. The position of 
each layer influences the (extra) path length of the diffracted signal (dark grey), and 
hence its phase. The bulk material has an electronic density of ‘1’, a full layer of the 
oxide has a density of ‘e1’. Non-filled layer of the oxide have an effective electronic 
density of less than e1. The combination of position and electronic density of each 
new layer fully determines the change in diffracted intensity with respect to a clean 
bulk-terminated surface.  
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oxide layer. The average electronic density of this layer is 3.02 e-/Å3. We must 
note that the best fit shows a variation of approximately 20% of the electronic 
density between the different O-Pt-O tri-layers within the oxide slab. From the 
literature values for the unit cell of α-PtO2 we can calculate that the theoretical 
bulk electronic density for α-PtO2 should be 3.02 e-/Å3. This matches perfectly 
with the values found in both fits. Both fit show a very high roughness for this 
oxide slab. The fit yielded a value for ‘beta’ (approximated beta-roughness 
model) of 0.55.  
Figure 5: Simulations and real measured specular reflection data. a) A simulation 
of 4 layers of ‘oxide’ on a Pt(111) bulk terminated crystal. By varying the electronic 
density from 100% to 0% of the bulk electronic density the ‘depth’ of the oscillations 
along the 00L curve vary. b) Changing the position of the 4 oxide layers by 
stretching or contracting the interlayer distance within the oxide slab varies the 
period of the oscillations along the 00L curve (example given for a simulated oxide 
layer with an electronic density of 75% of bulk Pt(111)). c) Diffracted intensity for a 
relatively thin oxide layer on Pt(111), grown at 500 mbar of O2 and 400 K, together 
with the diffracted intensity of a clean, smooth, bulk terminated Pt(111) surface. The 
grey line is the best fit, representing 1.5 ML of α-PtO2. d) Diffracted intensity for a 
relatively thick oxide layer on Pt(111), grown at 500 mbar of O2 and 580 K, 
together with the diffracted intensity from a clean, bulk terminated Pt(111) surface. 
The grey line is the best fit, representing 2.7 ML of α-PtO2. 
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3.3.2.3: Growth oscillations 
The method shown here above allows us to determine the thickness of the oxide 
layer at a given moment in time. It is very accurate as long as the thickness of 
the oxide layer does not vary (significantly) during a single (0 0 L)-scan, i.e. 
when the oxide layer thickness is constant as a function of time. When the oxide 
layer is still growing significantly as a function of time, we can monitor the 
growth of the layer by using the SXRD signal to measure so-called ‘growth 
oscillations’ [68]. These are oscillations of the diffracted intensity at a specific 
point in reciprocal space as a function of time, and not as a function of the 
diffraction vector q. These oscillations are very comparable with RHEED 
oscillations.  
Normally, these oscillations are used to monitor commensurate epitaxial 
growth, or even homo-epitaxial growth processes. When a commensurate 
overlayer grows on a substrate, one can find specific positions in reciprocal 
space where there is interference between the signal of the substrate and the 
growing layer. From the variation of this signal as a function of time, one can 
monitor the growth with sub-monolayer precision. Even though in this case the 
α-PtO2 and the Pt(111) substrate are incommensurate with respect to each other, 
we can still see the effect of the oxide growth on the diffraction signal coming 
from the Pt(111) surface, and quantify the growth speed of the oxide layer with 
the variation in this signal.  
The explanation for this is straightforward: At the “anti-phase” point of a CTR, 
exactly between two volume Bragg peaks, the diffracted X-Rays from each 
subsequent atomic layer are exactly out-of-phase with the diffracted X-Rays 
from the next one. Taking this destructive interference into account, and 
combining it with the absorption of the X-Rays at every layer of the crystal, we 
can calculate the total diffracted intensity at the “anti-phase” of a single crystal, 
with a ‘perfect’ surface. We find at this “anti-phase” an intensity which 
corresponds to the diffraction from exactly 0.5 ML (see this thesis,  
chapter 1.6.2) [39,68]. 
When growing a homo-epitaxial layer on this perfect single crystal surface, the 
diffraction from the atoms deposited in the new, growing layer is out-of-phase 
with the signal coming from the substrate. This means that the deposition of 
each new atom will make the intensity drop from its initial (maximum) value of 
0.5 ML, until exactly 0.5 ML is deposited. At that point the intensity at the anti-
phase will be 0. All atoms deposited beyond that point will make the intensity 
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increase again until a full layer is reached, and the intensity is back at the 
original value of 0.5 ML. A schematic representation of this homo-epitaxial 
growth is shown in figure 6(a). 
During the growth, the structure factor F varies linearly with the amount of 
deposited material or coverage θ. θ is defined as the partial coverage of the new 
layer, where θ = 0 means an empty layer and θ = 1 is a fully filled layer. For 
simplicity, we have normalized F(θ) to run from 0 to 1 in all calculations and 
simulations. Excluding negative values for F(θ) we then get: 
 
 ( ) θθ −⋅= 212F  (2a) 
 
The intensity I(θ), which scales as F2, will exhibit a parabolic behavior as a 
function of θ: 
 
 ( ) ( )( ) ( ) ( )414214 2
22 +−⋅=−⋅== θθθθθ FI  (2b) 
In SXRD experiments these parabolic shaped oscillations of the intensity are a 
typical footprint for homo-epitaxial “layer-by-layer” growth [68]. Normally 
these intensity-oscillations are measured as a function of time, giving a 
straightforward method for calculating the coverage θ(t). Figure 7 shows the 
behavior of F(t) (middle panel) and I(t) (bottom panel) as a function of time for 
a constant deposition rate, and for the growth of one single ML. Of course this 
is in the highly hypothetical case of ‘perfect’ layer-by-layer growth where the 
new layer starts to grow only after the previous one has completely finished 
covering the substrate surface.  
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Figure 7: left panel: Schematic drawing of perfect, layer-by-layer homo-epitaxial 
growth (Frank – van der Merwe growth). Next to the model the behavior of F(θ) as 
a function of the growth of that single layer is calculated. Right panel: Schematic 
drawing of the growth of an incommensurate layer on Pt(111). By taking atoms 
from the top layer of a bulk terminated crystal, and incorporating them in the 
incommensurate layer, material is ‘removed’ from this first layer. The coverage of 
the incommensurate θ layer is the complement to the amount of material remaining 
in the top layer (1-θ). The behavior of F(θ) as a function of the remaining material 
is calculated, and is exactly equal to the behavior of F(θ) during homo-epitaxial 
growth. 







































Figure 6: a) Simulation of the growth of a single mono-atomic layer (growth rate in 
ML / time unit). b) Calculated behavior for the structure factor at the anti-phase of a 
CTR during perfect layer-by-layer growth of a single ML. c) Parabolic behavior of 
the intensity at the anti-phase point of a CTR, calculated from the structure factor 
shown in b. 
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In our case, although we are not dealing with homo-epitaxial growth, but with 
the growth of an incommensurate layer, we can still apply this same model. A 
schematic drawing of this process is shown in figure 6 (right panel). In the 
incommensurate case, it is not the material deposited on the surface which is 
responsible for the change in diffraction intensity at the anti-phase, but the 
removal of Pt atoms from the Pt(111) surface to form the oxide layer. As the Pt 
atoms that constitute the oxide layer do not contribute any more to the intensity 
of the Pt(111) CTR’s, we can now consider θ as the Pt remaining in the 
outermost Pt(111) layer, instead of the material being deposited. The only 
difference being that θ now runs from 1 to 0, but as we can see from equation 
2a and 2b, this is fully equivalent to the homo-epitaxial deposition case.  
A measurement of the intensity at the anti-phase of a Pt(111) CTR is shown in 
figure 8. The measurement of the CTR as a function of time clearly shows the 
change in intensity at the anti-phase (figure 8a and b), but does not allow us to 
fully monitor the shape of the growth oscillation as a function of time.  
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Figure 8: Intensity oscillations due to the growth of an incommensurate oxide layer 
at 510 mbar of O2 and 600 K. a) Scans along the L direction at different moments 
during the initial growth stage. The time runs from the light gray line (t = 0, 
reference scan) to black (minimum in intensity). The intensity at the anti-phase is 
decreasing as a function of time, hence the oxide layer is taking up from 0 to 0.5 ML 
from the Pt(111) surface. b) Scans along the L direction at different moments during 
the growth of the oxide layer. Again time runs from the light gray line to the black 
one. The growing intensity indicates that the oxide layer is taking up between 0.5 
and 1 ML of the surface.  
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Figure 9 The intensity oscillation not as scan along L, but as a function of time with 
the detector fixed at the anti-phase position (1 -1 0.5) (hollow circles) at 510 mbar 
of O2 and 600 K. The surface is exposed to this pressure of O2 from approximately
t = 300 sec (black vertical line in the hatched area). The intensity signal before 
t = 200 is used to normalize the intensity of the clean surface to 1. No diffraction 
data have been measured between t = 200 and t = 400 sec (hatched area). The grey 
continuous line is a fit for a kinetically hindered growth, giving an exponentially 
decaying growth rate (see figure 9), with a final total coverage of 0.2 ML of Pt(111) 
(i.e. 0.8 ML of oxide). The kinks in the slope of the diffracted intensity around 
t = 400 and t = 460 are due to an increase in intensity of the X-Ray beam. A t = 400 
the measurement started, and at t = 460 a filter was removed from the beam, 
increasing the intensity of the X-Rays by a factor of 3. At this O2 pressure the growth 
rate is influenced by the presence of the X-Ray beam. For the fit only the points after 
t = 460 have been taken into account. Fitting the growth before t = 460 has no real 
interest as that part is very well described by a straight line, and hence represents 
the linear part of the exponential decay. The black dots in the hatched area are not 
measured intensities, but represent linear extrapolations of the measured intensities 
before, and after the exposure to the oxygen and serve as lines to guide the eye. The 
grey dashed line is an extrapolation to the starting point of the fit for the fastest 
growth rate under full X-Ray illumination. 
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A second measurement has been performed, not measuring the full CTR, but 
only the intensity at the anti-phase as a function of time. This is shown in 
figure 10. It is clear from figure 10 that the intensity oscillation does not exhibit 
a perfect parabolic behavior. The deviation from this behavior can be explained 
due to 2 factors. The first one is the growth rate of the oxide layer: the oxide 
growth at this temperature and oxygen pressure is kinetically limited [47], due 
to the lack of bulk diffusion. Because of this, the growth rate of the oxide layer 
will not be constant is time, but show an exponential decay. The effect of the 
exponentially decreasing growth rate is shown in figure 10. The decreasing 
growth rate has a direct influence on θ(t) (figure 10b). Putting this behavior of θ 
as a function of time into equations 2a and 2b we can retrieve the values for F(t) 
and I(t) during the growth (figure 10c and d). The resulting shape of I(t) 
(figure 10d) is already much more similar to the shape presented in figure 9. A 
second effect that has to be taken into account in the oxide growth case is that 



































































Figure 10: Deviation from perfect layer-by-layer growth as shown in figure 7. For a 
kinetically hindered growth of 1 full ML, the growth rate decreases as a function of 
time (a). The corresponding occupancy is shown in (b). From (b) we calculate the 
structure factor |F| at the anti-phase (c), and from the structure factor we get the 
intensity (d). This is still for perfect layer-by-layer growth, with 0 roughness, and 
exactly 1 single ML.   
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cases stop at a fractional coverage of the surface, and hence at a fractional value 
of θ. Putting these two effects in a simple calculation allows to fully 
characterize the growth oscillation of the oxide layer as shown in figure 9. The 
grey continuous line in figure 9 is a calculation for the intensity I(t) for an 
exponentially decaying growth rate as shown in figure 8, and a value for θ at t = 
1200 of 0.2 ML, i.e. an 0.8 ML coverage for the oxide layer. We can see that 
this mechanism fits the data of figure 9 very well. This shows that we are 
indeed dealing with a kinetically limited growth rate. 
NB: This method only gives information about the growth rate of any 
incomplete oxide layer, as we are insensitive for full layers of oxide (or actually 
fully ‘empty’ layers of Pt(111)). We can hence not conclude anything about the 
total thickness of the oxide film with this method.  
3.3.2.4: Beam effect 
Figure 9 shows a very good agreement between the fit and the experimentally 
measured growth curve, but only in the part of the curve from t = 460 seconds 
onwards. There is a clear inflection in the curve at t = 460. The growth rate 
before t = 460 is clearly slower than after that point. The sudden acceleration in 
the growth seen in this figure of the oxide layer is due to a beam effect. The 
inflection in the curve of figure 9 exactly coincides with the removal of 
1 attenuator from the beam. This should have no effect on the measured 
intensities as I is corrected for the presence of the attenuators, so apparently it is 
the growth rate itself that is truly affect by the change in intensity of the X-Ray 
beam. This effect is not a local effect, as we have measured that the whole 
surface exhibits the same oxide layer thickness, and is hence attributed to a 
general effect of the presence of the X-Rays with the gas phase. As the gas 
phase is solely composed of O2, we attribute the acceleration to the formation of 
a more oxidizing agent than O2 in the gas phase by the X-Ray beam, which 
could be atomic oxygen, but most probably ozone (O3).  
The beam effect has been seen in all intermediate pressure experiments 
(10-1 - 10 mbar O2). In all these experiments, it is very difficult to determine if 
any oxide growth would have taken place at all without the presence of the 
X-Ray beam. In more elevated pressure conditions ( > 100 mbar) the beam 
effect is negligible with respect to the oxide growth with no (or minimal) 
presence of the X-Ray beam. No clear statement can hence be made about the 
exact pressure at which the oxide growth initiates.  
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3.4: Exposure of α-PtO2 to CO 
One of the main reasons to look at the oxidation of the Pt(111) surface under 
high oxygen pressure conditions is the role that this oxide layer plays in the 
reactivity of a Pt catalyst in the conversion of CO to CO2. Several publications 
have already shown that an atomically thin oxide layer is, under specific high 
pressure and temperature conditions, a much better catalyst than the gas-
covered metallic surface. This is the case for example for Pt(110) [10,62], 
Pd(100) [10,69], and Ru(0001) [6]. In many of the experiments however, it is 
relatively difficult to make a direct link between the oxide layer and the 
exhibited reactivity. In some cases, no real reactivity is measured, only the 
traces the reaction has left on the surface [2], or real reactivity is measured but 
it is very difficult to identify the (structure of the) oxide. Using the combination 
of the SXRD and a mixture of O2 and CO in the high pressure chamber [48], 
monitored with a Quadrupole Mass Spectrometer (QMS) we can make a direct 
link between the reactivity exhibited by the surface, and the surface structure, 
under these high pressure (approximately 1 bar total pressure), and high 
temperature conditions (425 – 600 K). Several reactivity experiments have been 
performed under different pressure and temperature conditions. These reactivity 
experiments have all been performed in the following way: The Pt(111) crystal 
was prepared under UHV conditions until large and flat terraces were 
measured, and no other diffraction peaks than those from the Pt(111) surface 
could be detected. Subsequently the surface was exposed to 500 mbar of 
oxygen at 580 K (± 20 K). Under these conditions, an α-PtO2 slab of several 
ML formed on the surface within approximately 15 minutes. Once the oxide 
growth rate had slowed down to below any detectible growth within the 
detection limit of the X-Raysii, we chose the temperature at which we would 
conduct the reactivity experiment, and let the oxide covered surface heat or cool 
to the chosen temperature. Once the temperature was stable, we exposed the 
surface to a series of CO pulses, depicted in figure 11a with the labels “a” to 
“f”. The gas phase in the reactor is then composed of 400 mbar of O2 
(figure 11a, light gray line), and a relatively small amount of CO (figure 11a, 
black line). At the start of the experiment no CO2 is present in the reactor 
                                                 
ii The X-Rays allow a detection of less than 5% of a monolayer of oxide. If no change in 
the detection signal is measured for approximately 5 to 10 minutes, we consider the 
growth rate to be 0. This combines to a detectable growth rate of less than 5*10-3 
ML/min. 
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(figure 11a, dark grey line), but as the CO reacts to CO2, the reactor slowly fills 
up with this reaction product.  
At “a” a CO pulse of 2 mbar is added to the reactor. It immediately starts 
reacting under formation of CO2 (CO pressure drops, CO2 rises), which shows 
that the catalyst is working properly. The first CO pulses are kept relatively 
low, typically in the range of 10 to 20 mbar (figure 11c “a” - “c”). Almost no 
variation in the diffracted intensity from both the oxide layer an the Pt substrate 
is detected. From this we conclude that the surface is fully covered by the oxide 
layer during these first pulses. The only possibility then for CO to react to CO2 
is by either finding oxygen atoms adsorbed on the oxide layer, or by reacting 
with the oxygen atoms of the oxide layer itself.  
The only variation in diffracted intensity during these initial pulses is a gradual 
lowering of both the oxide and metal diffraction peaks, which points towards a 
gradual roughening of the surface [6,9,10,13,62,67,69]. From this roughening 
we conclude that CO must react with the oxygen atoms within the oxide layer, 
as a roughening of the surface cannot be explained by reaction with 
chemisorbed of physisorbed oxygen. This reaction path, where one species 
reacts with an atom from the substrate itself, and not with an adsorbed molecule 
or atom is called the “Mars-Van Krevelen” (MvK) mechanism [4]. This 
mechanism implies that the oxide layer is continuously reduced by the CO 
molecules at the rate of CO2 production. To retain the full diffraction intensity 
from the oxide layer while the CO molecules continuously reduce it, the Pt 
atoms in the oxide layer must be “re-oxidized” by oxygen from the gas phase. 
To retain a full oxide layer (or several monolayers) this oxidation process must 
be faster than the reduction process.  
For CO oxidation on late transition metals this mechanism has already been 
proposed in a number of publications [6,9,10,13,62,67,69]. In all the 
experiments described in these publications it has been shown that the 
roughening of the surface during catalytic CO oxidation is caused by the MvK 
reaction mechanism. A schematic illustration of the MvK mechanism and the 
subsequent roughening process is shown in figure 6 of chapter 3. 
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Figure 11: a) Pulse experiment starting in 400 mbar of O2 (light grey line) with 
increasing doses (pulses) of CO (black line) at 600 K. After each pulse, the CO and 
O2 pressure immediately start decreasing and the CO2 pressure increases (grey 
line), showing that the catalyst is working properly. The decrease in CO pressure 
shows an exponential decreasing behavior in time for the pulses labeled “a” to “e”, 
indicating that the reaction rate is linear with the CO pressure. At pulse “f” (see 
also zoomed panel) the reactivity changes drastically. It is much slower than 
expected for the linear reaction rate dependence, and it does no longer show an 
exponential decay in time. At “g” the reaction rate reverts to the higher rate, and 
exponential decay in time. b) Combining the CO signal (black line), which is the 
most representative for the CO oxidation process, with the diffraction signal from 
both the Pt(111) surface (grey line) and α-PtO2 layer (black line) shows that at the 
pulses “a” to “c” we measure high reactivity and a full oxide layer on the surface. 
At the pulses “d” and “e” we see a strong oscillation in the Pt(111) diffraction 
intensity, and a temporary decrease of the diffracted intensity from the oxide layer. 
This indicates that during the initial part of the pulse only a ‘sub-monolayer’ part of 
the initial oxide layer is left on the Pt(111) surface. At “f” the CO pulse is large 
enough to fully reduce the oxide layer: the oxide signal goes to 0 and the signal 
from the Pt(111) surface increases strongly. Simultaneously the reactivity decreases 
strongly. At “g” the reactivity regains its values expected for an oxidized surface, 
and the diffracted intensity from the Pt(111) surface shows a sharp step down. Only 
10 – 20 minutes later we see a reappearance of the diffracted intensity from the 
oxide layer. 
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3.5: Reaction rate and reactivity of α-PtO2 
We define the reaction rate R(t) as the amount of reaction product produced per 
unit time by the catalyst surface. As this is a closed “batch” reactor, and all 
produced gas remains inside the reactor, we can determine R(t) from the change 
in CO2 pressure as a function of time. Fully equivalent to this, we can also 
determine R(t) from the decrease in CO pressure as a function of time, or the 
decrease in O2 pressureiii: 
 










PdtR OCOCO 22 2  (3a) 
The change in PCO during the pulses “a” to “e” in figure 11 clearly follows an 
exponential decay as a function of time. Putting a generic exponential decay 
function for PCO into equation (3a) yields for R(t):  
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Equation (3c) shows that during the pulses “a” to “e” the reactivity scales 
linearly with PCO. The dependence of the reaction rate on PO2 is more difficult to 
determine. The oxygen pressure also decreases during these pulses as a function 
of time and as this is a batch reactor, the oxygen pressure follows the same 
exponential decay as the CO pressure. But the total oxygen pressure before and 
at the end of each pulse is much greater than the pulse itself. This means that 
the relative variation in the total oxygen pressure is relatively small (< 5%). 
Because of this, it is very difficult to determine the dependence of the reaction 
rate on the oxygen pressure during one single pulse. But by comparing the 
                                                 
iii As the CO oxidation runs according to 2CO + O2 → 2CO2 , two CO2 molecules are 
produced from one single O2 molecule. This means that the production rate of CO2 is 
twice that of the decrease rate of O2, hence the factor 2 in equation (2a). 
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reaction rate from one pulse to the next during the pulses “a” to “e” we can 
determine the reaction rate as a function of PO2. In figure 12a we have 
superimposed several different PCO(t) curves from the pulses “a” to “e”. This 
shows that for different oxygen pressures during the different pulses, we find 
exactly the same reaction rate for the same value of PCO. We conclude from 
this, that in these conditions, and for this variation in oxygen pressure the 
reaction rate is fully independent of PO2.  
As during the pulses “a” to “c” the surface is at all times fully covered by the 
Pt-oxide layer, the reaction rate found there is a good measure for the reactivity 
of the oxide surface. The reactivity is defined as the number of CO2 molecules 
produced per site, per second on this surface at this temperature. As the exact 
reaction sites are unknown on this surface, we assume that each unit cell of the 
α-PtO2 can provide one oxygen atom for a CO molecule to bind to. We can then 
calculate this number by dividing the reaction rate R(t) in molecules per second 



































Figure 12: a) CO pressure as a function of time for pulses “a” (black), “c” (grey) 
and “d” (light grey) of figure 10 superimposed (T = 600 K). The oxygen pressure 
differs almost 20% between the pulses a and d. As the catalyst exhibits the exact 
same reaction rate for the same CO pressure at all pulses, we conclude that the 
reaction rate is independent of the O2 pressure in the high reactivity case (i.e. when 
the surface is oxidized). b) The CO pressure at point “g” from Figure 10 
superimposed with the CO pressure from pulse “d” from that same experiment. 
Again we see the exact same reaction rate for the same CO pressure. The fact that 
we measure exactly the same reaction rate on the oxide and on the commensurate 
(2x2) layer confirms the conclusion that the reaction rate is not limited by the 
intrinsic reactivity of the surface, but only by the CO pressure, and i.e. the diffusion 
of CO towards the catalyst surface through the O2-dominated gas phase.  
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by the total available surface and multiply by the unit cell size of α-PtO2. The 
highest value for the reactivity measured during the pulses “a” to “c” was 
5.9·102 molecules/site/second at 20 mbar of CO and 610 Kiv.  
 
3.5.1: Pulses “d” and “e” 
When exposing the surface to pulses of CO in the order of 20 to 40 mbar 
(figure 11 “d” and “e”) we see much stronger variations in the diffracted 
intensity coming from the Pt(111) substrate (figure 11b grey line). These 
variations have the typical shape already seen during the initial growth of the 
oxide layer, when Pt atoms were removed from the (111) surface causing so-
called growth oscillations. These intensity oscillations are believed to again 
originate from Pt atoms being added or removed from the outermost Pt(111) 
layer. As the oxide surface is exposed to larger and larger pressures of CO, the 
reactivity becomes higher, as it scales linearly with the CO pressure. On the 
other hand the rate at which the reduced Pt atoms of the oxide layer are being 
re-oxidized remains unchanged, as the oxygen pressure only varies moderately. 
If during the peak of the CO pulse the reactivity is higher than the oxidation 
rate, suddenly a large part of the oxide layer can be reduced. If during such an 
event almost all the oxide is reduced, and only a fraction of a monolayer 
remains, we find the surface in the situation described in figure 6. The 
diffracted intensity from the oxide layer will be strongly reduced (figure 11b 
“d” and “e”, black line). This partial coverage of less than one full monolayer 
by the oxide will also cause a strong variation in the diffracted intensity from 
the Pt(111) surface (figure 11b “d” and “e”, grey line). After a fair part of the 
CO is consumed and the reactivity drops below the oxidation rate, the oxide 
layer grows back to its original value, as does its diffracted intensity. The 
diffraction intensity from the Pt(111) substrate does not recover completely. 
This can be due to the exact percentage of (metallic) Pt atoms in the interface 
layer between the oxide and the Pt bulk, or to roughness and disorder induced 
by the reduction and subsequent re-oxidation of the oxide layer. Both have the 
same effect on the diffracted intensity coming from the Pt(111) substrate and 
                                                 
iv There is a small difference between the temperature stated here and the one stated for 
the whole pulse experiment. Because of the strong exothermity of the CO oxidation 
reaction, the sample heats up due to the reaction. The temperature during a pulse, and 
hence during a moment of high reaction rate, rises several degrees K. After all CO from 
one single pulse has reacted to CO2 the temperature returns to the set value of 540K. 
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we cannot differentiate between both solely on the data gathered in this 
experiment.  
The peak reactivity measured during these two pulses is of 
1.0·103 molecules/site/second at 33 mbar CO. This reactivity is exactly equal to 
the one found for the pulses a to c, given the relation R(PCO) found in equation 
3c. This is surprising as the variation in diffraction intensities shown in figure 
11b suggests that only a fraction of a the surface was covered with α-PtO2 
during this pulse. We hence get the same reaction rate for only a fraction of the 
surface oxidized, and thus for a lower number of sites available for the reaction. 
This shows that the actual reactivity for a fully oxidized surface must be higher 
than the values calculated here above. A direct consequence of this observation 
is that the maximum value found for the reactivity, and hence the maximum 
reaction rate is not limited by the intrinsic reactivity of the catalyst surface. If 
the rate limiting step is not a process on the surface of the catalyst, it must be a 
factor from the gas phase which limits the reaction rate. The gas phase is 
dominated by oxygen, and the impingement rate of O2 molecules onto the 
surface at this pressure and temperature is in the order of 
109 molecules/site/second. Since this number is much higher than the reaction 
rate, this can not be the rate limiting factor. The impingement rate of CO, the 
minority species in the gas phase, must hence be the rate limiting step. This 
cannot be explained by the measured partial pressure of CO, as also that would 
lead to an impingement rate orders of magnitude higher than the measured 
reactivity. The only step that could limit the reaction rate is the diffusion of CO 
to the catalyst surface through the predominant O2 environment. As a pulse of 
CO is introduced into the reactor, the very fast conversion of CO to CO2 will 
deplete the surroundings of the catalyst surface of CO. From then on the 
reaction rate will be limited by the diffusion of CO from other parts of the 
reactor towards the catalyst surface. The oxide layer on the Pt(111) surface acts 
as an “unlimited” supply of atomic oxygen from the surface and is continuously 
replenished from the gas phase, which near the surface is composed for almost 
100% O2. This scenario is in perfect agreement with the linear dependence of 
the reaction rate on the CO pressure, and with the fact that it is fully 
independent of the oxygen pressure. This is also in full agreement with the fact 
that the reactivity is not affected by the exact coverage of the α-PtO2 layer in the 
submonolayer range, as long as the coverage is non-zero. A calculation of the 
diffusion of CO through O2 at these temperatures using Fick’s first law 
OPERANDO SXRD: A NEW VIEW ON CATALYSIS 
 108
confirms that the values found for the reactivity are indeed equal to the 
maximum impingement rate of CO in these conditions (see chapter 2.4.1).  
The arguments stated here above conclusively show that the CO oxidation 
reaction on the oxidized Pt(111) surface is, in these conditions fully diffusion 
limited. We can state that the intrinsic reactivity of the oxidized Pt(111) surface 
under the presented reaction conditions must be significantly larger than 
103 molecules/site/second. 
 
3.5.2: Surface Structure and reactivity at pulse “f” 
At pulse “f” in figure 11b the intensity from the α-PtO2 layer drops to 0. 
Simultaneously we see a strong increase of the signal coming from the metal 
surface. This shows that the whole surface has been reduced, and is now back in 
a bulk terminated, metallic state, with a mixture of CO and atomic or molecular 
oxygen adsorbed to it. Simultaneously with this strong change in surface 
structure and composition we see a change in reaction rate. The reaction rate, 
calculated from equation 3c is a factor 10 lower than would have been expected 
for the oxide covered surface, i.e. for the diffusion limited case. Next to this 
strong decrease in reaction rate, we also observe that the reaction rate is no 
longer linearly dependent on the CO pressure. PCO decreases almost linearly in 
time, indicating a much weaker dependence on the CO pressure. As both the 
reaction rate and the oxygen pressure are almost constant with time, it is very 
difficult to determine what the dependence of the reaction rate is with respect to 
PO2. In figure 11a, with a zoom around points “f” and “g”, we see a slight 
deviation in PCO(t) from true linear behavior. The reaction rate slightly 
increases as the CO pressure drops, and hence the CO/O2 ratio drops. A 
metallic, gas covered surface on which the reaction rate depends on the CO/O2 
ratio would be consistent with a Langmuir-Hinshelwood (LH) reaction 
mechanism, as has often been proposed for CO oxidation on Pt catalysts 
[2,3,60]. In an ideal LH-type reaction the surface exhibits a maximum in 
reactivity when a 50% - 50% coverage for both reacting species is reached. In 
our experiment this corresponds to 50% CO and 50% atomic oxygen. Again in 
an ideal case, these coverages are directly linked to the partial gas pressures of 
both reactants. The fact that the reaction rate increases when the CO/O2 ratio in 
the gas phase diminishes indicates that even with this relatively low CO/O2 
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ratio, there is too much CO adsorbed on the surface. We hence conclude that 
the catalyst is in the so called “CO-poisoned” state [2,3,60]. 
At point “g” in figure 11 the CO/O2 ratio drops below a certain threshold value, 
and the reaction rate suddenly increases. The reaction rate also reverts to the 
exponential decay, previously observed when the surface was oxidized. 
Together with the increase in reactivity we see a sharp step down in the 
diffracted intensity from the Pt(111) surface. This step is relatively modest with 
respect to the intensities measured when the surface is covered with α-PtO2. 
The decrease in the diffracted intensity from the Pt(111) surface at point “g” is 
stepwise, and not gradual as is observed during oxide growth. Approximately 
10 minutes after point “g”, the diffraction signal from the α-PtO2 oxide layer 
starts regaining intensity, indicating that the oxide layer starts reforming on the 
surface. This happens at a point when almost all CO has already been 
consumed. This means that the high catalytic activity before “f” can be 
attributed to the presence of the oxide layer in combination with the MvK 
mechanism. The low catalytic activity between “f” and “g” can be linked to the 
removal of the oxide layer and hence to the reaction running on the metallic 
surface. The high reactivity after “g”, but before the reappearance of the oxide 
signal, can with this data not be linked to either the α-PtO2 oxide layer, or the 
reduced, metallic surface. 
 
3.6: 2x2 commensurate structure 
In the time lapse between “g” and the regrowth of the α-PtO2 oxide layer, the 
catalyst does exhibit a high reaction rate. However, according to the 
measurement shown in figure 11b, no other structural changes than a small 
decrease in the diffracted intensity from the Pt(111) surface are observed. When 
exploring a larger part of reciprocal space than just the exact (h k l) coordinates 
corresponding to the Pt(111) surface and the α-PtO2 layer, we show that the 
surface does undergo a strong structural change, which exactly coincides with 
the sudden increase in reactivity observed at “g”. Figure 13a (top panel) shows 
a series of in-plane scans along the K axis, plotted as a function of time, instead 
of as a function of K (see for comparison figure 2). Together with these scans, 
which show both the diffraction signal from the oxide and the Pt(111) surface, 
we have plotted the CO and CO2 pressures (bottom panel). 
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Figure 13: a): Repeated scans along the K direction around (1 -1 0.5) in 480 mbar 
O2 at 570 K after a pulse of CO of 130 mbar. It captures both the diffraction from 
the Pt(111) CTR and from the α-PtO2 layer. They are plotted as a function of time 
during the switch from the reduced, low reactivity state and the ‘oxide’, high 
reactivity state. A modest, but stepwise lowering of the Pt(111) peak is visible 
exactly at the moment the surface switches from low to high reactivity (dashed line). 
A more important but gradual decrease is visible approximately 25 minutes later, 
coinciding with the appearance of the diffraction signal from the α-PtO2 layer. 
b): CO and CO2 pressures (resp. grey and black lines) as a function along the same 
time axis. The dashed line indicates the switch from low (left) to high (right) 
reactivity. b) top panel: Repeated scans along the K direction around (0.5 -0.5 0.5) 
in 500 mbar O2 at 495 K after a pulse of CO of 150 mbar. It captures the diffraction 
signal from the 2x2 commensurate layer. The diffraction signal shows a stepwise 
increase to full intensity at the exact moment the surface switches from low to high 
reactivity, indicating that the whole surface is instantaneously covered with this 
structure. This allows us to directly link the elevated reactivity with the presence of 
this structure on the surface.  
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We see a modest step down in intensity of the Pt surface signal exactly at the 
moment the reactivity switches from low to high (mind the log scale in 
comparison with the drop in intensity observed in figure 11b).  
This indicates that simultaneously with the increase in reactivity, in a timeframe 
of less than one scan, a structural change occurs on the Pt surface. We also see 
the delayed regrowth of the oxide layer after approximately 20 minutes, as 
previously observed in figure 11b. The growth of the oxide can hence not be 
correlated with the change in surface structure which takes place exactly as the 
catalyst switches from high to low reactivity.  
The experiment is repeated in figure 13b. We see the switch from the low 
reactivity (metallic surface) to the high reactivity. Again we combine the data 
from the online gas analysis with a series of scans along the K direction. A 
different part of reciprocal space has now been observed during the switch from 
low to high reactivity. The scan shown in figure 13b is a scan around a half-
integer value of K. We see that a new diffraction peak appears immediately as 
the reactivity switches at exactly K = 0.5. In similar “switch” experiments not 
shown here peaks have been observed to appear at the positions H or 
K = n · 0.5 with n = 1, 2, 3… . These peaks correspond to a commensurate 
structure, with a surface unit cell exactly twice as large as a Pt(111) unit cell, 
























Figure 14: Distribution of diffracted intensity along the L direction for two non-
equivalent superstructure rods of the 2x2 layer. The strong oscillation in intensity as 
a function of L indicates that more than one layer of Pt is involved in this 2x2 
structure. Despite the gathered dataset, the structure of this layer has not been 
elucidated. 
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forming a (2x2) unit cell. To investigate this structure, a dataset of 5 
non-equivalent in-plane reflections has been measured. The out-of-plane 
diffraction intensity has also been measured for 5 of these diffraction positions. 
For two of these positions, the out-of-plane intensity has been plotted as a 
function of L in figure 14.  
Despite this relatively complete dataset, the exact structure and unit cell of this 
(2x2) commensurate layer has not been elucidated. The varying spacing of the 
out-of-plane diffraction maxima seen in figure 14 could not be reproduced with 
any know type of stacking (abc, abab, aaa etc). Educated guesses using linear 
combinations of these types of stacking have also failed to reproduce the 
measured reconstruction rods. The dataset was not extensive enough to be 
solved by direct method calculations [40]. 
From the coincidence of the appearance of this commensurate structure with the 
increase in reactivity, we conclude that this commensurate layer is responsible 
for the increase in reactivity. The reactivity for CO oxidation on the surface 
covered with this structure is, within the experimental error bars, the same as 
for the α-PtO2 layer. This implies that again, the rate limiting factor is not the 
intrinsic reactivity of the layer itself, but the diffusion of CO through the O2-
dominated atmosphere to the surface. This also explains that again, similarly as 
with the α-PtO2, the CO pressure drops exponentially in time, and reaction rate 
is hence again linear with the CO pressure. 
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3.7: Conclusions 
We have shown that in an elevated pressure environment of mainly O2 and 
elevated temperature conditions, an incommensurate α-PtO2 layer form on the 
Pt(111) surface. The growth(rate) and thickness of this layer depend strongly on 
the O2 pressure and temperature. At pressures in the order of 1 to 10 mbar of 
pure O2, the growth of the layer is clearly accelerated by the presence of the 
X-Ray beam, probably due to the formation of ozone, a more oxidizing gas than 
pure oxygen. At pressures above 100 mbar, the growth is much faster, and no 
longer shows a clear beam effect.  
Under these high pressure and temperature conditions this oxide layer exhibits a 
much higher reaction rate for catalytic CO oxidation than the (gas covered) 
metallic surface. This observation is in contradiction with the common 
knowledge assumption that oxide formation would “poison” a Pt catalyst for 
CO oxidation.  
When going from a reducing to an oxidizing environment, hence form CO rich 
to a CO poor conditions, we see a stepwise, spontaneous increase of the 
reaction rate. This spontaneous increase can be linked to the formation of a 
commensurate (2x2) layer on the Pt(111) surface. This layer exhibits the same 
reactivity as the oxide layer. This reactivity is limited by CO diffusion towards 
the catalyst surface, and not by one of the catalytic conversion of CO to CO2 on 
the catalyst surface. We conclude from this that the both the (2x2) and the oxide 
layer have a much higher reactivity than the metallic surface, but that we are 
insensitive to the intrinsic reactivity of the surface itself. We can only conclude 
that the intrinsic reactivity is higher than the values measured here above. 
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IV: SXRD study of Pd single crystal surfaces as 
model CO oxidation catalysts 
 
CO oxidation catalysts are nowadays widely used in industrial and automotive 
applications. In the near future they will also play a very important role in 
fuel cell technology, which is very sensitive to CO contamination. Through 
the use of in-situ Surface X-Ray Diffraction (SXRD) we were able to unravel 
the atomic structure of the catalyst surface during CO oxidation, under 
realistic pressure and temperature conditions for different Pd single crystal 
surfaces. From our results we find that for all Pd surfaces the most efficient 
reaction path is the so-called Mars-Van Krevelen mechanism which involves 
the oxidation of only the outermost atomic layers of the catalyst surface. This 
effect is in clear contradiction with what has commonly been assumed in the 
field of catalysis for many years, namely that oxide formation poisons the 
catalyst. Combining our results on surface roughness during the oxidation of 
CO with results obtained with High Pressure STM [10], we can confirm 
several aspects of a new model for so-called self-sustained oscillations 
proposed by Hendriksen et al [70]. 
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4.1: Introduction 
Surface Science has for many years been dominated by experiments performed 
in Ultra High Vacuum (UHV) conditions. These conditions allow scientists to 
control very accurately which molecules, and how many molecules interact 
with a very clean surface. This is of course advantageous when trying to 
understand the fundamental interaction of molecules with crystalline surfaces. 
A second advantage of UHV conditions (compared to ambient pressure 
conditions) is that electrons and ions have a long mean free path, allowing one 
to use techniques that require these long mean free paths (e.g. LEED, RHEED, 
LEIS, LEEM, XPS). In ‘real life’ catalysis however, all important processes of 
molecules interacting with a surface take place at elevated temperatures and at 
pressures typically within two orders of magnitude around 1 bar. Although it is 
customary to extrapolate low-temperature UHV results to more relevant 
pressure and temperature regimes, this approach does not do justice to the 
dominant role of kinetic barriers that can completely distort the naïve, 
thermodynamic picture. Because of the role of these kinetic barriers, 
conclusions can only be drawn from experiments performed under true reaction 
conditions, i.e. high temperatures and high pressures. We have used a High 
Pressure SXRD setup [48] which allows us to investigate model catalyst 
surfaces in a relevant pressure and temperature regime, while maintaining the 
fully detailed, atomic information familiar from UHV SXRD experiments. With 
this technique we have investigated two, respectively low- and high-index Pd 
single crystal surfaces. These surfaces have been exposed to high pressures of 
both O2 and CO, serving as model CO oxidation catalysts. We demonstrate that 
under relevant pressure and temperature conditions, the outermost atomic layers 
of all investigated Pd surfaces oxidize under formation of PdO, and that this 
ultra-thin oxide layer is typically one order of magnitude more reactive than the 
CO- or O-chemisorbed Pd metal surface. 
 
4.2: Pd(001) oxidation  
The experiments were performed at the ID03 beamline of the European 
Synchrotron Radiation Facility (ESRF) in a combined UHV - high pressure 
SXRD chamber (10-10 mbar − 2 bar), which had a volume of ~ 2 liter and was 
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equipped with a 360° beryllium window for entrance and exit of the X-Rays 
[48]. The sample could be heated up to 1300 K in vacuum. Connected to the 
chamber were a gas manifold with four high-purity gasses (CO better than 
99.998% pure, all other gases better than 99.9996%) and a quadrupole mass 
spectrometer (QMS) for online gas analysis. The chamber was mounted on a z-
axis diffractometer with the crystal surface in a horizontal plane. 
A focused beam of monochromatic, 17 keV X-Ray photons was impinging on 
the surface at an angle of 1° (~ 4x1012 photons/s). The fluorescence radiation in 
the scattered beam was filtered with a crystal analyzer. For the experiments 
performed on the Pd(001) crystal we describe the Pd lattice with two 
perpendicular unit vectors A1 and A2 in the surface plane along [ ]110  and 
[ ]011  respectively and the third one, A3, along the [001] surface normal. |A1| = 
|A2| = a0 = 2.751 Å is the Pd nearest-neighbor distance; |A3| = √2a0 = 3.891. In 
reciprocal space H and K are the unit vectors in the surface plane (parallel to A1 
and A2 respectively) and L is along the surface normal. Well-ordered, clean Pd 
surfaces were formed by Ar+-ion sputtering and annealing cycles.  
 
4.2.1: Low pressure structures 
The clean Pd surface was first heated in vacuum to 600 K and then exposed to 
10-4 mbar of O2. New diffraction peaks appeared in reciprocal space along the 
axes H = 2·K and K = 2·H. Along both these axes peaks appear at (H K) = 
n·(0.4 0.8) or equivalently (H K) = n·(0.8 0.4) with n = 1,2,3… . Peaks also 
appear along the axes in the perpendicular directions, respectively K = -2·H and 
H = -2·K (figure 1, top left panel). These axes, and the peaks that appear along 
these directions span two equivalent domains of square reciprocal unit cells of 
dimensions 2.04 by 2.04 Å-1. This maps into real space unit cells of 3.08 by 
3.08 Å. The orientation and size of this unit cell is very close to that of a Pd 
surface oxide layer [71,72]. This surface oxide forms a commensurate 
( )5 5 26.5oR⋅ −  structure, or in short the 5 -structure. This structure has 
already been observed and carefully characterized by several techniques 
recently [71,72,73]. It is called a “surface oxide” as it contains both O and Pd 
atoms in the correct stoichiometry and shares the same in-plane symmetry and 
unit cell size, but differs in structure from the bulk PdO oxide [36]. As more 
layers of Pd(100) oxidize, this surface oxide transforms into bulk PdO [46,47]. 
We have measured the diffraction intensities of several Crystal Truncation Rods 
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(CTR’s) of the surface oxide, both in-plane (figure 1, top right) and out-of-
plane (figure 1, bottom left). The slow variation of the diffracted intensity as a 
function of out-of-plane momentum transfer L confirms that this surface oxide 
is only 1 single monolayer (ML) thick.  
 
Figure 1: left top: In-plane reciprocal space map of bulk terminated Pd(001) 
(circles, solid axes), and the 5 -structure (grey squares, dashed axes for both 
possible rotations). The two equivalent domains are marked (i) and (ii). The axes 
are in reciprocal unit vectors of the Pd(001) substrate. Right top: In-plane 
diffraction peaks of the 5 -structure. Top left insert is the same data from K = 0.1 
to 0.5 with the background subtracted. Lower left panel: the out-of-plane diffraction 
intensity along (0.8 0.4 L) from the 5 -structure at low pressure (10-4 mbar O2, 
600K) and the background intensity. Lower right panel: Out-of-plane intensity 
along (0.8 0.4 L) for the Pd(001) surface covered with a 6.4 monolayer thick slab of 
bulk-like PdO (500 mbar O2, 600K). The 5 -signal and background from the low 
pressure experiment have been added (to scale) to the right panel for comparison. 
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4.2.2: Bulk-like PdO 
The surface with the 5 -structure, still heated to approximately 600 K, is then 
exposed to 500 mbar of pure O2. The effect is that the intensities of the newly 
appeared crystal truncation rods of the surface oxide along the H = 2*K and 
K = 2*H axes change. The in-plane position of the reconstruction rods does not 
change in reciprocal space indicating that the size and orientation of the unit 
cell remains unchanged. The reconstruction rods however now show an 
increase in diffracted intensity and a strong variation of the intensity as a 
function of L (figure 1, bottom right panel). This shows that the superstructure 
has developed from the 1 ML-thick surface oxide to a thicker structure which 
comprises multiple atomic layers. The in-plane distance between the 
superstructure rods is still 2.04 Å-1, mapping onto a real spaces a square unit 
cell of 3.08 x 3.08 Å. The strong variation of the diffracted intensity as a 
function of L of the superstructure rods. The distance between two peaks in the 
L direction is 1.16 Å-1, which corresponds to a real distance of 5.4 Å. These 
dimensions are in very good agreement with the unit cell of PdO [74], with its 
c-axis parallel to the surface normal of Pd(001). We hence conclude that a layer 
of bulk-like PdO has formed on the surface under these circumstances, 
replacing the surface oxide structure. This is in accordance with earlier work of 
e.g. Lundgren et al [47]. The roughness, thickness and composition of this 
ultra-thin oxide film have been characterized by reflectivity measurements 
(figure 2, left and middle panel). From the fits to these reflectivity 
measurements we have determined that it is a very rough, 6.4 monolayer thick 
(~ 35 ± 3 Å) oxide film with the electronic density expected for bulk PdO. 
Using an approximated beta-roughness model [42], we find a value for beta of 
approximately 0.7, which is high but in good agreement with previous studies 
in these type of oxides [46, 75].  
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Figure 2: Reflectivity measurements of the clean metallic surface in UHV conditions 
at room temperature after sputtering and annealing cycles (top panel, dotted line), 
and after exposure of the surface to 500 mbar of O2 at 600K (solid line), forming an 
ultra-thin oxide layer on the surface. Finally the reflectivity is measured after the 
oxidized surface has been exposed to, and has oxidized 250 mbar of CO under 
formation of CO2 (T = 475 K, V = 1L). The loss in intensity at higher L shows a 
clear roughening of the surface due to the initial oxidation step. The smaller 
intensity of the oscillations after the catalytic CO oxidation shows that the CO 
oxidation roughens the surface of the oxide layer even further (top and bottom right 
panel), whereas the thickness of the layer remains roughly constant. 
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Next to these superstructure rods found along the K = 2*H axis, new rods 
appear along the same in-plane axes, but with a different in-plane unit cell. The 
in-plane vector of these different rods is very close to what would be the [001] 
or [011] cq. [101] vectors of PdO, corresponding to an out-of-plane orientation 
of the PdO layer of (100) cq. (010) or (1 0 0.32) cq. (0 1 0.32) respectivelyi. The 
presence of these rods implies that a certain fraction of the PdO layer is oriented 
differently than the orientation described before. The in-plane distances show 
that these other orientations within the PdO layer are incommensurate with 
respect to both the Pd(001) surface and the 5 -superstructure. Although 
incommensurate, these new rods are only found aligned along the 5 -axes. 
 
                                                 
i The value of 0.32 in the surface normal originates from the BCT structure of PdO. It 
corresponds to (a/c)2 or (b/c)2 with a, b and c the literature values for the unit cell of 
PdO [7]. 
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Figure 3: left panel: Intensity as a function of time of the (001) orientation (right) 
and (110) / (100) / (010) orientations (left) during exposure to a single pulse of CO 
(PO2 = 500 mbar, T = 475K). Although both decrease in intensity, the diffraction 
peak of the (001) orientation grows smaller, but sharper, whereas the other peak 
widens and completely disappears. The width of the peaks is a measure for the 
ordered crystalline size of the different orientations. Right panel: Plotting this 
1/FWHM as a function of time (and hence as a function of the total amount of CO 
oxidized on the surface) gives a clear view of the development of the different 
orientations during CO oxidation. 
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The mixture of the different orientations depends mainly on the preparation of 
the oxide layer. An oxide layer that has been grown at a higher temperature and 
higher O2 pressure shows more mixing of the different orientations. When 
exposing the Pd(001) surface directly to 500 mbar of O2 from UHV at 
temperatures above 500K, the oxide layer is a 50%-50% mixture of the (001) 
in-plane and out-of-plane. When the oxide layer is partially reduced by 
exposing it to a mixture of CO (< 20 mbar) and O2 at 500K, we see that the 
diffraction intensity of both orientations diminishes (figure 3). But whereas the 
Full Width at Half Maximum (FWHM) of the (001) in-plane orientation 
increases, the FWHM of the peak from the (001) out-of-plane orientation 
decreases (figure 3). A lower intensity combined with a smaller FWHM means 
that less PdO is present on the surface, but that the PdO which is still present 
consists of larger ordered domains than before the exposure to CO. One way to 
explain this behavior of the PdO layer is to assume that larger ‘crystallites’ are 
more stable under reduction by CO than smaller ones. Secondly we conclude 
that the (001) out-of-plane orientation is more stable than the other orientations 
found after formation of PdO under pure O2. When the PdO layer is fully 
reduced under these circumstances, and the Pd(001) surface is re-oxidized in a 
mixture of CO and O2, only the (001)-oriented PdO appears on the surface. This 
confirms that PdO(001) is more stable than the other observed orientations. 
From these experiments we can not say whether this difference in stability is 
caused by a difference in the energetics or the kinetics of the different 
orientations of PdO. 
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4.3: Reactivity 
When the Pd(001) surface is exposed to mixtures of O2 and CO at elevated 





→+   (1) 
Previous experiments at elevated pressures and temperatures have shown that 
this CO oxidation reaction on Pd has two possible reaction mechanisms with 
distinct reaction kinetics and reaction rates [76,77]. The Pd surface can be made 
to change from one reaction mechanism to the other by changing either the gas 
composition or the temperature. Recent STM experiments [10] have proposed 
that in elevated pressure conditions the two different reaction mechanisms 
correspond to a) a metallic, adsorbate covered surface which exhibits a 
Langmuir-Hinshelwood type reaction [2,3], and b) an oxidized surface which 
exhibits a Mars-Van Krevelen type mechanism [4]. Probing the surface 
structure with SXRD, combined with on-line gas analysis at elevated pressures 
and temperatures allows us to unambiguously determine the surface structure 
and composition in both reactive phases. In order to link the surface structure to 
the reactivity of the Pd surface, we have exposed the surface mixtures of O2 and 
CO, at a total pressure of approximately 500 mbar, and temperatures ranging 
from 460 to 625 K. 
All reactivity experiments have been performed by first preparing a PdO layer 
on the Pd(001) surface as discussed above. In addition to the 500 mbar of O2, 
‘pulses’ of CO are added to the UHV / High pressure chamber [48], which then 
acts as a 1 liter batch reactor. A small portion of the gas in the reactor is leaked 
to a quadrupole mass spectrometer, to monitor the pressure of the different 
reactants and reaction products. This allows us to measure the reactivity of the 
Pd surface in real time, while probing the surface structure with SXRD. 
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Figure 4: Top panel: Reactivity experiment at 475K, starting with approximately 
500 mbar O2 (dashed line) and adding CO pulses at a,b and c of respectively 20, 40 
and 55 mbar. The reaction rate can be determined from the increase of PCO2 or 
decrease PCO. The reaction rate at a and b is linear with the CO pressure. After c 
the reaction rate drops, and the dependence on the CO pressure changes. At d the 
reaction re-accelerates, and is again linear with the CO pressure. Bottom left 
panel: Repetitive rocking scans around the surface normal (1 deg wide) at 
(h k l) = (0 1 0.2) plotted as a function of time together with PCO. They show the 
diffraction intensity from the metallic Pd(001) surface which coincides with the slow 
reaction rate (II). Bottom right panel: Repetitive scans crossing Bragg peaks of 
both PdO orientations (see figure 3, left panel). The signal from the Pd surface 
drops to 0 immediately after the transition from slow to fast reaction rate at ‘III’. 
Simultaneously the PdO signal appears, showing that the surface is covered with 
PdO immediately after ‘III’. Only one peak is visible in the PdO scans, indicating 
that only one orientation of oxide grows in the presence of both O2 and CO (the 
(001) out-of-plane orientation). Although not shown here, the diffraction intensities
show that also in the period from a to c (top panel) the Pd surface is oxidized. The 
two bottom panels are from two separate experiments, as the scans for the metallic 
surface and for the oxide layer are quite far apart in reciprocal space. Moving the 
detector from one to the other would strongly deteriorate the time resolution of the 
experiment. 
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When a pulse of CO is added to the 500 mbar O2, it readily reacts under 
formation of CO2 (figure 4, top panel). The observed reaction rate is 2.2×103 
molecules/site/secii, at 460 K and 40 mbar CO. This is a high reaction rate for 
any catalyst surface, and is fully limited by the diffusion of CO to the catalyst 
surface through the predominant O2 atmosphere (see this thesis, chapter 2). 
When exposed to sufficiently low doses of CO, the surface remains completely 
oxide-covered, and exhibits an exponential reaction rate as a function of time, 
which indicates a linear dependence on the CO pressure (figure 4, labels ‘a’ 
and ‘b’). This is the expected behavior for the case in which CO diffusion to the 
surface is the rate limiting step.  
When exposed to more than 40 mbar of CO, the catalyst is reduced to the 
metallic Pd(001) surface. The surface diffraction peak of Pd(001) at (0 1 0.2), 
that had completely disappeared in the oxidized state, reappears (figure 4, 
bottom left panel), and the oxide peaks, both from the bulk-like PdO, and from 
the surface oxide structure have disappeared. Simultaneously with the 
reappearance of the metallic surface the reaction rate dramatically decreases by 
more than a one order of magnitude (figure 4, bottom right panel) to 
approximately 160 molecules/site/second, and exhibits a constant reaction rate 
as a function of time, indicating that it no longer depends linearly on the CO 
pressure. 
In the closed batch reactor both the O2 and CO pressures drop as a function of 
time, as they are consumed under formation of CO2. The CO is consumed twice 
as fast as the O2 under formation of CO2 (see equation. 1) and hence the CO:O2 
ratio always changes towards a more oxidizing environment. When this ratio 
drops below a certain value (figure 5 d and lower left panel) the surface is re-
oxidized and the PdO layer grows back to its full thickness within several 
minutes. Simultaneously with the moment of appearance of the oxide layer, the 
reaction rate increases, showing the typical exponential decay as a function of 
time again (and i.e. also the linear dependence of the reaction rate on the CO 
pressure). From the direct correlation between the presence of the ultra-thin 
PdO layer and the elevated catalytic activity we conclude that the oxide layer is 
much more reactive in CO oxidation than the metallic catalyst surface in this 
pressure and temperature regime. We have observed the same behavior for a 
                                                 
ii For the calculation of the reaction rate, the total reaction rate has been divided by the 
number of available sites on an unreconstructed, metallic Pd(001) surface, with each 
unit cell of the Pd surface counted as one site.  
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both low- and high-index surfaces ((0 0 1), (5 5 3), (1 1 17)) of Pd single 
crystals in experiments performed with this high pressure SXRD setup, and with 
a high pressure STM [13]. We can state that this effect is general for Pd 
catalysts and should remain valid also for polycrystalline catalyst as their 
surface is nothing else than a combination of low and high index facets. Even 
though one should take more details into account as support-metal interaction 
and particle size effects, oxide-supported Pd-particles are also expected to 
behave similarly.  
The higher reaction rate in CO oxidation of ultra thin oxide layers of late 
transition metals in comparison with metallic surfaces has recently been 
observed in several high pressures experiments [6,9,10,13,57,62,78,79]. Most 
authors propose a Mars - Van Krevelen type mechanism, as the oxidation of CO 
could be accelerated by the presence of relatively weakly bound O atoms in 
these ultra-thin oxide layers. This assumption is supported by the observation of 
a gradual roughening of the surface as a result of the CO oxidation. From the 
fits of the X-ray reflectivity measurements show in figure 2, we can confirm 
that the surface indeed is roughened by the oxidation of CO, although most of 
the roughness has been introduced by the initial oxidation step.  
The roughness of the oxide surface can also be determined by measuring the 
Full Width at Half Maximum (FWHM) of the CTRs of the ultra thin oxide 
layer. According to kinematical diffraction theory the average domain size is 
inversely proportional to the FWHM of diffraction peaks [17,42]. We have 
measured the FWHM of the rocking scan around the surface normal of the PdO 
diffraction maximum at (0.4 0.8 0.72) as a function of the total amount of CO 
converted to CO2 (figure 5, left panel). We find that the FWHM of the PdO 
diffraction peak depends linearly on the total amount of CO that has reacted 
with the PdO surface (figure 5, right panel). This is in agreement with a Mars-
Van Krevelen type mechanism, in which CO reacts with oxygen atoms bound 
in the oxide layer. In most events the CO molecule reacts with, and hence 
extracts a single oxygen atom from the oxide layer, leaving behind a single 
reduced Pd atom. The Pd atom is immediately re-oxidized because by the 
oxygen present in the gas phase, exactly restoring the PdO layer. The oxide 
layer is, with respect to the Pd metal, rather static at this temperature, allowing 
little or no surface diffusion. But on rare occasions, a reduced Pd atom can 
diffuse away from its original position in the oxide layer, leaving behind a hole 
or defect in the oxide layer. It is then re-oxidized elsewhere, creating a PdO 
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protrusion on top of the oxide layer (see this thesis, chapter 2, figure 6). This 
slowly creates roughness in the oxide layer as more and more CO is consumed. 
Similar scenarios have also been proposed by e.g Hendriksen et al [10] and 
Over et al. [6]. 
The PdO oxide layer appears to have a very low mobility, as at these 
temperatures none of the roughness created by the CO oxidation is annealed 
with time. Only once the surface is completely reduced, and reverts to the 
metallic state does the created roughness disappear. As soon as the surface is 
completely reduced, diffusion starts to smoothen the surface, as a rough surface 
is energetically less favorable than a smooth surface. We can follow the 
annealing of this surface by measuring the FWHM of a rocking scan around the 
surface normal of an in-plane diffraction peak of Pd(001). In figure 6, we show 
an experiment in which we oxidize and reduce the surface several times. In the 
top panel, the CO pressure is plotted. One can see the reactivity switch from the 
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Figure 5: left panel: Rocking scans around the surface normal of a diffraction 
maximum of PdO at (0.4 0.8 0.72). The scan made directly after forming the PdO 
layer in pure O2, exhibits the lowest FWHM, showing the best ordered PdO layer 
that we can prepare. After the surface has converted respectively 60 and 80 mbar of 
CO into CO2, the rocking scans show a clear loss in height, and an increase in 
FWHM corresponding to a roughening of the oxide layer due to the catalytic 
conversion of CO to CO2. This roughening as function of the total conversion of CO 
confirms the assumption of a Mars-van Krevelen type mechanism for this reaction 
on the ultra-thin PdO layer. Right panel: The FWHM as a function of the total 
amount of CO converted to CO2 in mbar and in number of molecules per reaction 
site on the PdO surface. The dashed line is the lowest order fit for this measurement, 
showing a linear dependence of the roughness on the amount of oxidized CO. 
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high reaction rate and exponential decay of the CO pressure, typical for the 
reaction on the oxide surface. No signal from the metal surface is present during 
this high reactive phase. When a large CO pulse is let into the reactor, the 
surface is reduced, and the signal from the Pd(001) surface reappears. We 
continuously measure rocking scans around the surface normal of the Pd 
surface at (0 1 0.2), and plot them along the same timeline as the CO pressure 
(figure 6, lower panel). One can see that the height of the diffraction peak 
grows as a function of time. When plotting this scan not as a function of time 
but in degrees, one can see that not only the height increases, but that also the 





























































Figure 6: Left panel: Rocking scan around the surface normal at the anti-phase 
point of a Pd(001) CTR at (h k l) = (0 1 0.2). This scan is measured repetitively 
during an experiment, and plotted as a function of time. During the experiment 
shown here, the surface is alternately switched from the ‘rough’ oxide phase to the 
metallic phase by exposing it to 40 to 55 mbar of CO (PO2 = 480 mbar, T = 460 K). 
The surface is reduced back again by oxidizing the CO to CO2, while the O2
pressure remains almost constant. From the increasing height of the surface 
diffraction peak one can conclude that the metallic surface is annealing in the 
metallic phase. Bottom right panel: One of the surface diffraction peak from the left 
panel as a function of the rocking angle around the surface normal (Theta). 
Top right panel: Average terrace or ordered domain size as function of time 
calculated from the FWHM of the surface diffraction peaks of the Pd surface, 
assuming that the roughness on this metal surface is mainly due to single atomic 
steps. One can clearly see the smoothening of the surface in these circumstances. 
The smoothening behaves as expected for an unreconstructed, flat single crystal 
surface. 
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surface and hence of the average terrace size of the surface as a function of time 
(figure 6, right top panel). From this we see that the annealing of this surface 
behaves as expected for a metal single crystal surface, with a constant diffusion 
coefficient at a constant temperature. This roughening and annealing behavior 
in the different branches of the reaction, combined with the difference in 
reactivity can be an explanation for spontaneous self sustained reaction 
oscillations to appear. A thorough description of the model which we propose 
for this mechanism causing self sustained oscillations is given in chapter 5 of 
this thesis. 
 
4.4: Switching behavior and self sustained oscillations 
In certain pressure and temperature conditions the Pd surface can, without 
change in the externally applied pressure and temperature conditions, 
spontaneously switch from one reaction mechanism to the other and back again 
in so-called self sustained oscillations. Many models have already been 
proposed to explain this spontaneous switching, based on both UHV- and 
elevated pressure experiments[76,77, 81-84]. 
A novel explanation for self sustained oscillations on Pd(001), based solely on 
in-situ observations has been proposed by Hendriksen et al. recently [70]. In the 
proposed model, a new but major role is played by the roughening of the oxide 
surface as a result of the Mars-Van Krevelen mechanism, and subsequent 
annealing in the metallic phase. Although no self-sustained oscillations have 
been observed in any of the reactivity experiments performed as described 
above, the experimental conditions in which oscillations occur can be recreated 
very accurately to measure specific parameters that play a role in the oscillation 
model as proposed by Hendriksen et al. [70]. 
For the roughness to play a role in self sustained oscillations, the roughness of 
the surface must have an influence on the stability of one, or both phases of the 
oscillations, i.e. on the stability of the metal and / or oxide phase. According to 
the model of Hendriksen et al, the increasing roughness caused by the reaction 
must destabilize the oxide phase. This would imply that at constant oxygen 
pressure and temperature, partial pressure of CO necessary to completely 
reduce an oxidized surface should diminish with increasing roughness. 
Inversely, this implies that the CO:O2 ratio at which the metallic surface 
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spontaneously oxidizes in the reactivity experiments described above should 
diminish with increasing roughness.  
We have kept the O2 pressure and temperature constant (variation < 1%) during 
an experiment, in which we let the surface switch several times from a metallic 
to an oxidized surface (figure 6, left panel). When the surface has been exposed 
to a large CO pulse, it will remain in the metallic state longer than with a 
smaller CO pulse, as it will take more time to oxidize enough CO to return to 
oxidizing conditions. By reducing the surface with small or lager pulses of CO, 
we can choose the amount of time which the surface will stay in the metallic 
state. As the annealing process at a fixed temperature only depends on time, the 
surface that has been exposed to the largest CO pulse, will be smoother at the 
moment it is re-oxidized. Using this mechanism we can control the roughness 
of the surface at the moment it switches from metal to oxide. Doing this for 
several different CO pulses, we can determine the CO pressure at which the 
surface spontaneously re-oxidizes for different surfaces. Figure 7 shows the 




















Figure 7: CO pressure at which the surface switches from the metallic phase to the 
oxide phase as a function of (FWHM)-1 of a rocking scan around the surface normal 
of the Pd(001) surface at (h k l) = (0 1 0.2). This value scales approximately with 
the roughness, where a high roughness corresponds to a high FWHM, and hence a 
low value of (FWHM)-1. Data are taken from the experiment shown in Figure 6 
(T = 460 K, PO2 = 480 mbar).  
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variation in CO pressure as a function of the roughness of the Pd(001) surface. 
This measurement confirms that at higher roughness values, a lower CO 
pressure is needed to oxidize the surface. This proves that for a constant CO:O2 
ratio the metal surface can be destabilized by annealing (decreasing roughness, 
dotted arrow). Simultaneously this means that an oxide surface is destabilized 
by increasing roughness. Both these observations confirm the behavior of this 
surface necessary for oscillations, namely that the process occurring in each 
phase (annealing in the metal phase, roughening in the oxide phase) destabilize 
each phase.  
 
4.5: Pd(553): structure and reactivity 
4.5.1: Introduction 
One major difference between highly dispersed, small-particle catalysts and low 
index, single crystal catalyst is the average step density and terrace size of the 
catalyst surface after preparation in a UHV system. One option to overcome this 
difference, while still working with single crystal model catalysts, is to use high 
index surfaces, where after preparation with sputter and anneal cycles (as 
described above), one can prepare a surface with a high step density, and short 
terraces. For our experiments on such high index surfaces, we chose the 
Pd(553) surface orientation. This surface has a 12.3o degree miscut with respect 
to the (111) surface. To accommodate this miscut, it consists of (111) facets or 
terraces of 10.32 Å long, separated by single ( )1 11  steps (figure 8c). The 
surface has been prepared in UHV by the same methods described above for the 
Pd(001) surface. The experimental setup is the same as for the Pd(001) 
experiment described earlier, using the same photon source for the SXRD 
experiments, and the same UHV / High Pressure setup [48]. The in-plane unit 
cell is chosen as shown in figure 8a. The vectors a and b span the surface unit 
cell, with c the out-of-plane vector perpendicular to the (553) surface (not 
shown). Because of this particular choice of a and b, the H vector is oriented in 
the direction perpendicular to the steps (i.e. perpendicular to a), and 0.59 Å-1 
long. The K vector is not parallel to the step direction, but perpendicular to a, 
with a length of 2.30Å-1. The vector parallel to the steps is with this choice of a 
and b the 120    direction. 
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Diffraction from the surface after UHV preparation shows a diffraction pattern 
as expected for a (553) oriented surface as described above. No faceting, 
reconstruction or relaxation of the surface atoms is observed under UHV 
conditions.  
 
Figure 8: a): In-plane reciprocal space map of the Pd(553) (black dots) and the 
bulk-like PdO layer (hollow circles). All coordinates are given in reciprocal unit 
vectors of Pd(553) as described in this chapter. The PdO layer is incommensurate, 
but aligned along H (the direction perpendicular to the step lattice), and along the 
steps. Due to the choice of the unit cell, the direction parallel to the steps is not K
but is given by the vector (2K-H), and is marked by the dotted line. b): The 
diffraction intensity distribution along a rod of the PdO layer as a function of L at 
H = 3.8 and K = 0. c) A ball model of the Pd(553) surface, and a schematic side 
view showing the height variation in the direction perpendicular to the step lattice. 
d) The model for the growth of the incommensurate bulk-like PdO, giving the 
dimensions of the PdO unit cells and the tilt angle with respect to the Pd(553) 
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4.5.2: Experimental 
When exposing the surface to 10-4 mbar of O2 at 475 K, the X-Rays shows new 
diffraction intensities along H at K = ...-1,0,1,2… . The intensity distribution of 
these new spots in the out-of-plane direction does not exactly follow the [553] 
(i.e. L) direction. Close analysis of the direction of the intensity distribution by 
Westerstrom et al. show that they are probably due to a faceting of the (553) 
surface to (332) facets. To compensate for the longer terraces of the (332) 
orientation with respect to the (553), the surface must form double steps once 
every 4 terraces. The formation of facets and double steps has been confirmed 
by STM measurements [80].  
When exposing the surface to 500 mbar of O2 at 475 K, the diffraction 
intensities that appeared as a result of faceting disappear, and new intensities 
appear along H, at K = n · 0.92, with n = …-1,0,1,2… (figure 8a, hollow 
circles). From the symmetry of the newly appeared diffraction intensities, we 
conclude that this new structure has a rectangular in-plane unit cell (figure 8a, 
dotted line) which is aligned along the perpendicular and parallel direction of 
the steps, but is incommensurate with respect to the Pd lattice. From the value 
of 0.92 in the K direction we can calculate that the lattice constant along the 
steps of this new structure is 3.03 Å, which is equal to the length of the [100] or 
[010] vector of PdO. In the direction perpendicular to the steps of the Pd(553) 
surface, new diffraction rods appear at H = n · 1.9 (at K = 0). This length does 
not correspond to any simple combination of vectors of the PdO unit cell. The 
PdO CTR at H = 3.8 has a maximum in diffraction intensity at L = 3. The total 
diffraction angle (2θ) of this peak show that this must be the (002) peak of PdO. 
This peak should have been at L = 0 if the (001) vector of PdO would have 
been in-plane, pointing perpendicularly to the Pd(553) steps. As it clearly is not 
at L = 0, we can conclude that the (001) vector of the PdO unit cell is tilted out-
of-plane by ~15° degrees. The (004) peak of PdO is found at (7.6 0 6). The 
observation that position of the diffraction maxima along L increase as the 
order of the rod increases supports the suggestion that the PdO crystal is tilted 
with respect to the Pd(553) surface. The tilt angle as calculated from the 
position of this second diffraction maximum would again be ~15° degrees with 
respect to the Pd(553) surface plane. This perfectly confirms the first tilt angle 
calculated here above for the (001) peak.  
The thickness of the oxide layer can similarly as for the Pd(001) surface, be 
estimated by oscillations in the reflectivity curve taken from this surface, or 
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from the FWHM along L of the diffraction maxima of the PdO. Both methods 
show that the thickness of the oxide layer is 6 to 7 nm. Taking into account the 
tilt angle of the oxide slab, this thickness corresponds very well with to one 
found for the oxide layer on Pd(001). The thickness of the oxide layer depends 
slightly on the temperature and O2 pressure the surface has been exposed to in 
the preparation stages of each experiment.  
By exposing this oxidized surface to pulses of CO, we can reduce it back to a 
metallic state. When the surface is reduced in such a way, the optical orientation 
of the surface does not change, but it is strongly facetted in (111) and ( )1 11  
facets. We can estimate the size of the facets from the width of the rocking 
scans of the (111) and ( )111  crystal truncation rods near L = 1. From 
oscillation along the (111)-rod (figure 9) we can also get an estimate for the 
amount of step bunching, i.e. the ( )1 11  facets. Both methods are in agreement 
with each other and show (111)-facets ranging from 2 to 8 nm, depending on 
the thickness of the original oxide layer covering the Pd surface. The size of the 
facets seems to scale with the thickness of the reduced PdO layer. 



















L (r.l.u. of Pd(553))
Figure 9: Crystal truncation rod of the (111) facets of the (553) surface. The dashed 
line is the background value, measured on a clean (553) surface after preparation in 
vacuum. The solid line is after 1 oxidation and subsequent reduction cycle. Next to a 
clear rise in intensity in between the Bragg peaks, one can also clearly see 
oscillation as a function of L on the solid line. 
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Reactivity measurements on this surface have been performed in the exact same 
way as described here above for the Pd(001) surface. After pre-covering the 
surface with an oxide layer in 500 mbar of O2 at 475 K, it was then exposed to 
pulses of CO. The CO in relatively small pulses was reacted to CO2, with the 
reaction rate depending linearly on the CO pressure. The measured reactivity of 
the PdO layer on Pd(553) is 2.7×103 molecules/site/sec at 40 mbar CO, and 
490K. This value is, within the experimental error bars and taking the slightly 
higher temperature into account, equal to the one found for the PdO layer on 
Pd(001). The reactivity on the metallic surface is again found to be lower than 
on the oxide surface, by more than 1 order of magnitude. This confirms that our 
observations are also valid for surfaces with a step density and terrace size 
similar to nanometer-sized particles.  
 
4.6: Conclusions 
SXRD experiments on the different Pd surfaces show that an ultra thin PdO-
layer forms on these surface when exposed to elevated pressures of O2. The 
orientation of the PdO layer depends on the orientation of the substrate. The 
SXRD measurements also provide information about the morphology of this 
layer. All experiments show that at elevated pressures and temperature the 
oxide layer is more reactive in CO oxidation than the metallic Pd surface.  
We find that there is a direct correlation between the amount of CO molecules 
that have reacted to form CO2 and the surface morphology (i.e. the surface 
roughness). From the change in FWHM of the PdO peaks during oxidation 
experiments we find that the CO oxidation process roughens the oxide layer. 
This strongly suggests that the CO reacts with a component inside the PdO 
layer. The most likely reaction path to explain this is one in which the CO 
reacts with an oxygen atom within the PdO layer in a so-called Mars-Van 
Krevelen mechanism. As long as the CO:O2 ratio is low enough, the locally 
reduced Pd atoms will quickly re-oxidize, and the outermost Pd layers of the 
catalyst will remain fully oxidized. The Mars-Van Krevelen reaction path on 
the oxide is apparently much more efficient than the Langmuir-Hinshelwood 
reaction path observed on the metallic surface. Our experiments also show that 
the surface roughness plays a key role in self sustained reaction oscillations, as 
the formation of roughness in the oxide phase, and the annealing of the surface 
in the metal phase each destabilize their own phase. 









V Atomic Steps as a Motor for Reaction 
Oscillations 
 
Atomic steps on catalyst surfaces are often considered as special, active sites 
for heterogeneous catalytic reactions [85]. Due to the reduced coordination, 
the metallic atoms at step sites can offer enhanced binding to reactant 
molecules [3,86,87] and exhibit enhanced activity for bond breaking [88-91]. 
Here we show that steps on surfaces may also play a role by changing the 
stability of the catalytically active phase. Our high-pressure Surface X-Ray 
Diffraction (SXRD) experiment on a palladium model catalyst shows that a 
high density of steps strongly alters the conditions required for the formation 
of the thin palladium oxide film that serves as the active phase for the 
catalytic oxidation of carbon monoxide. With high-pressure Scanning 
Tunneling Microscopy (HP-STM) we further observe how, under steady-state 
conditions, reaction-induced variations in the step density lead to the periodic 
removal and (re)formation of this active surface oxide. We show that this new 
mechanism is at the heart of the well-known reaction rate oscillations during 
the catalytic oxidation of carbon monoxide at atmospheric pressure [75,92]. 
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5.1: Introduction 
The experiments described in the previous chapters and recent publications of 
both experimental and theoretical work have shown that atomically thin oxide 
layers form on the surface of late transition metals such as Ru, Pt, Pd and Rh at 
elevated temperatures and atmospheric pressure under oxygen-rich conditions 
[6,9,28,62,93]. In catalytic CO oxidation experiments under realistic pressure 
and temperature conditions these ultra thin oxide layers have been found to be 
catalytically much more active than the reduced, gas-covered metallic surfaces 
[9,62]. The reason for the formation of these thin oxide layers is simply that at 
high oxygen pressures it is thermodynamically more favorable to incorporate 
oxygen atoms into the surface in the form of oxides, rather than in the 
chemisorption structures typical for low oxygen pressures [94]. The growth and 
thickness of these oxide layers is under these circumstances kinetically limited 
[93]. Because of this kinetic limitation, these oxide layers only grow under high 
pressure and temperature conditions.  
The combination of the chemical potential of the surrounding gasses and the 
free energy of the surface determines whether it is thermodynamically 
preferable for the surface to be oxidized or not. For a catalyst operating in a 
mixture of oxidizing and reducing (reactant) gasses, the combination of the 
different chemical potentials, the surface free energy and the adsorption energy 
of the different reactant gasses will determine whether the surface prefers the 
reduced state, with one or both reactants adsorbed to it, or the formation of an 
oxide layer [28].  
The transition of the catalyst surface from the metallic phase to the oxidized 
phase can offer a fully new path for the catalytic reaction mechanism. On a 
metallic surface one or more reactants first adsorb to the surface, and then react 
to form the product, which subsequently desorbs from the surface, leaving a 
free site for new reactant molecules to adsorb (Langmuir-Hinshelwood or 
Eley-Rideal mechanism). This is a very simplified version of a full catalytic 
reaction, as many intermediate steps are often needed to go from adsorption of 
the reactant gasses to the desorption of the reaction product. Even in CO 
oxidation, which is a fairly simple catalytic reaction, this process is composed 
of more steps than mentioned above, as e.g. the oxygen molecules also have to 
dissociate after having been adsorbed on the surface. 
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On the oxidized surface, the oxygen atoms stored within the oxide layer serve 
as a supply of atomic oxygen, which can be easily extracted by the other 
reactant, in this case CO. After the oxide layer has been locally reduced, the 
resulting oxygen vacancy is refilled with oxygen from the gas phase in a 
process which is analogous to the Mars - Van Krevelen mechanism [4] (see 
chapter 2, figure 6). In this chapter we show that there is an important influence 
of the roughness (i.e. the density of atomic steps) on the stability of the oxide 
phase, and thereby on the catalyst’s performance. Combining the effect of the 
roughness on the stability of the oxide layer with the effect of the oxide on the 
catalysts performance, we can also link the formation and removal of atomic 




All Surface X-Ray Diffraction (SXRD) experiments presented below were 
performed at the ID03 beamline of the European Synchrotron Radiation Facility 
(ESRF) in a combined ultrahigh vacuum - high pressure SXRD chamber  
(10-10 mbar  2 bar), which has a volume of ~1 liter and is equipped with a 360º 
beryllium window for entrance and exit of the X-Rays [48]. The chamber was 
mounted on a z-axis diffractometer with the crystal surface in a horizontal 
plane. We have used a focused beam of monochromatic, 17 keV X-Ray 
photons, impinging on the surface at a grazing angle of typically 1º.  
 
5.2.1: Surface roughness and the metal-to-oxide transition 
Figure 1 shows an experiment of CO oxidation on Pd(001), in a mixture of CO, 
CO2 and O2 at approximately 700 mbar total pressure and 485 K. This 
experiment is already extensively described in chapter 4. Figure 1(a) shows the 
partial pressures of CO, O2, and CO2 in the reaction chamber during CO 
oxidation experiments at a temperature of 485K. Panel (b) shows a series of 
rocking scans around the surface normal at one of the anti-phase position of a 
Pd(001) Crystal Truncation Rods (CTR). The scans have been recorded around 
(h k l) = (1 0 0.2) and repeated as a function of time, simultaneously with a 
measurement of the partial gas pressures.  
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Figure 1: Cycles of oxidation and reduction of the Pd(001) surface during CO 
oxidation at 460 K. (a): Partial pressures of the reactants CO and O2 and the 
reaction product CO2. (b): Series of rocking scans of the Pd(001) surface diffraction 
peak at (h k l) = (1 0 0.2). (c): Rocking scan of the PdO(001) peak of the oxidized 
palladium surface after reacting 60 mbar of CO to CO2 (data taken from an earlier 
part of this experiment, not shown here, see Figure 4). (d): Two individual rocking 
scans of the (1 0 0.2) crystal truncation rod of Pd(001) taken at t7 and t8 showing 
both the increase in intensity already visible in panel (b) and the decrease in 
FWHM. 
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The reaction chamber was operated in batch mode, which means that we added 
a pulse of CO at t1, t3, t5 and t7 i. By also adding well controlled amounts of O2 
in between the CO pulses we kept the same oxygen pressure at the start of every 
CO pulse throughout the experiment. The reaction product CO2 gradually 
accumulates in the chamber. Also the temperature was kept constant by 
adjusting the amount of heating after every pulse of CO. This was necessary to 
correct for the higher gas pressure in the chamber, and hence the higher thermal 
conductance to the (relatively) cold wall of the reactor. 
The experiment started at t0 in 475 mbar O2 and 230 mbar CO2, left over from a 
previous reaction cycle. Under these conditions we observed a diffraction peak 
at (0.8 0.4 0.74) corresponding to a commensurate palladium oxide layer, 
previously identified as PdO(001) (see figure 1c and / or chapter 4). There was 
no intensity at the metal Pd(001) position (1 0 0.2). At t = 10 minutes 
(approximately 90 seconds before t1) we added O2 to the chamber through a 
leak valve to increase PO2 to 485 mbar. At t1 52 mbar of CO was added to the 
chamber. Immediately the CO started reacting with the present O2 under 
formation of CO2, as shown by the linear decrease of the CO and O2 pressures 
and the increase in the CO2 pressure in the upper panel for t1 < t < t2. Panel (b) 
shows that as soon as we introduced the CO at t1 the Pd(001) diffraction peak 
appeared at (1 0 0.2). The PdO peak had vanished completely (not shown here). 
The immediate conclusion on the effect of the CO pulse is that the CO/O2 ratio 
has changed the gas phase from an oxidizing to a reducing environment. This 
has completely reduced the PdO oxide layer and stabilized a metallic surface, 
hence inducing what we later refer to as an ‘oxide-to-metal transition’. 
From panel (b) we see that in the metallic phase the height of the Pd(001) peak 
increases with time. When plotting the diffracted intensity as a function of q 
(diffraction angle) instead of as a function of time, we see that the increase in 
height is combined with a decrease in Full Width at Half Maximum (FWHM), 
while the integrated intensity of the peak remains constant (figure 1d). The 
FWHM of the Pd(001) diffraction peak is inversely proportional to the 
coherence length of the Pd surface structure which in the case of this simple, 
bulk terminated surface is equivalent to the average terrace width. The FWHM 
                                                 
i Note that whenever we introduced gas to the chamber there were transients in all the 
mass spectrometer signals at t = 10, 12, 56, 60, 98, 107, 140, 169 minutes. These 
transients are related to our gas sampling and detection and not to the reaction 
kinetics. 
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of this rocking scan at the anti-phase of the Pd(001) CTR is therefore a direct 
measure of the step density. The decrease of the FWHM with time reflects a 
gradual smoothening of the Pd(001) surface by reduction of the step density 
[95].  
At t2 the Pd(001) diffraction peak spontaneously disappears on the timescale of 
less than one second. This can be explained because in the batch reactor the two 
reactants are slowly converted to CO2, thereby reducing the ratio between COP  
and 
2O
P . This goes on until the O2/CO ratio is such that the gas phase is 
sufficiently oxidizing again, that the surface is ‘re-oxidized’. In this reaction 
cycle we recorded only the diffraction peak of Pd(001) at (1 0 0.2), but from 
other cycles not shown here we know that at t2 the intensity of the PdO(001) 
layer at (0.8 0.4 L) instantly reappears. Simultaneously with this metal-to-oxide 
transition we observe an increase in the CO2 production rate of approximately a 
factor 13. The metal surface had continued smoothening during all the time 
spent in the metallic phase, until the metal-to-oxide transition took place. After 
all CO from this pulse had been consumed by the reaction, we added oxygen to 
restore the initial O2 pressure, and corrected the temperature and heating for the 
increased pressure.  
This closes one full oxide-metal-oxide cycle induced by one single CO pulse. 
After the pulse is fully converted to CO2 we are back in the exact same 
conditions in both temperature and oxygen pressure as before the CO 
pulseii. 
This initial pulse described above is followed by a 55 mbar CO pulse at t3, by 
which a second oxide-metal-oxide cycle is started. These cycles were repeated 
with increasingly large pulses of CO. At each CO pulse we start in the same 
condition: A pure O2/CO2 environment ensures that we are in oxidizing 
conditions, and the surface of the Pd(001) is indeed covered with a several 
monolayer thick PdO oxide layer. The surface is then exposed to a pulse of CO, 
carefully chosen to be large enough to fully reduce the oxide layer on the 
surface, and the CO oxidation reaction now takes places on the metallic surface. 
The surface though is left with much residual roughness from the oxidized state 
                                                 
ii The only real difference is the CO2 pressure inside the reactor, which rises due to 
each CO pulse. The CO2 in the gas phase being the product of the catalytic CO 
oxidation reaction. It has, as far as we could determine no influence on either the 
oxidation or the reduction process of the Pd surface. Its presence is hence often 
neglected in the description of the gas composition inside the reactor during the 
experiment. 
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it was in before the induced oxide-to-metal transition. During this metallic 
phase, the rough metal surface slowly smoothens as we determine from the 
decreasing FWHM of the (1 0 0.2) diffraction peak. The reduction in step 
density had no measurable effect on the reaction rate. This smoothing of the 
surface after switching from the oxide to the metallic state has previously been 
reported for a high pressure STM experiment in similar conditions [10].  
The effect of administering ever larger pulses of CO to the reactor, is that the 
catalyst takes more time to convert enough CO to CO2 to return to a sufficiently 
high O2/CO ratio for the surface to switch back to the oxidized state. This 
allows the surface more time in the metallic state and hence more time to 
smoothen out the roughness introduced from the oxide-to-metal transition. This 
implies that the surface roughness at the metal-to-oxide transition is lower for 
larger CO pulses. The amount of CO administered to the reactor in one single 
pulse hence gives us a tool to vary the surface at the metal-to-oxide transition. 
 
5.2.2: Switching point: PCO vs. Roughness 
The effect of the change in surface roughness at the metal-to-oxide transition is 
illustrated in figure 2. The data shown in this figure have been gathered from 
the four oxide-metal-oxide cycles shown in figure 1 and two, smaller preceding 
pulses (not shown). The combination of the critical FWHM value of the 
(1 0 0.2) diffraction peak and the critical CO pressure at the metal-to-oxide 
transitions define the metal-oxide phase boundary in figure 2. 
Figure 2 shows that there is a clear variation in the CO pressure *COP  at which 
the metal-to-oxide transition takes place as a function of the step density. From 
figure 2 we see that *COP  is lower for higher step densities. Thermodynamically, 
the first-order metal-to-oxide transition of a smooth, step-free surface takes 
place when the free energies of the two competing structures, namely the metal 
surface with a chemisorbed layer of reactants and the oxide surface, are equal. 
The presence of steps may shift this balance because steps on both phases cost 
different amounts of (free) energy. This shift can go either way, but there are 
two arguments why steps could work in favor of the metal phase and make it 
stable down to a lower CO pressure (or up to a higher O2 pressure) in the 
presence of many steps. First, on many metal surfaces CO molecules adsorb 
significantly more strongly at steps than on terraces [3,86,87]. For a metal 
surface in contact with CO, this reduces the effective step free energy and under 
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special circumstances can even lead to the spontaneous formation of steps [96]. 
We anticipate that this enhanced bonding effect is stronger for CO molecules 
than for O atoms adsorbed at steps on Pd(001) [97]. Secondly, steps make the 
metal surface a bad template for the commensurate PdO(001) structure, since 
they lead to dislocations in the oxide. The effect of the step density on the 
metal-to-oxide transition is reminiscent of the role of steps in the phase 
transition from the 7x7 surface reconstruction to the 1x1 phase on Si(111), for 
which the transition temperature depends on step density [59]. 
 
Figure 2: Phase boundary of the Pd(001) surface measured with surface X-ray 
diffraction. Measurements were performed at a temperature of 460 K in a CO/O2 
gas mixture with a fixed oxygen partial pressure of 480 mbar. The parameter along 
the horizontal axis is the full width at half maximum (FWHM) of the diffraction peak 
on the metal surface at (1 0 0.2) immediately prior to the metal-to-oxide transition. 
This peak width is a sensitive measure of the density of steps on the metal surface. 
We clearly see the that the critical CO pressure *COP  varies approximately linearly 
with the step density on the metallic surface. All data were taken from the 
experiment shown in Figure 1. 



















FWHM (deg) ~ Step density
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5.3: Self-Sustained Reaction Oscillations: Roughness Model 
Although the effect of steps on the metal-to-oxide transition may seem to 
merely shift the catalyst’s working conditions, the combination of this effect 
with the two different reaction mechanisms and reaction rates can have 
dramatic consequences for the steady-state operation of a catalyst. This is 
illustrated in figure 3, which shows a High Pressure STM experiment 
performed by Hendriksen et al. in which the CO oxidation rate on Pd(001) in a 
constant reactant flow at atmospheric pressure spontaneously oscillates between 
two distinct levels, oxideR  and metalR . The oscillations in the CO pressure in the 
reactor are in anti-phase with the variations in CO2 production and are caused 
by the difference in CO consumption at the two reaction rates. Figure 3 also 
shows STM images that were recorded during these self-sustained reaction 
oscillations. In earlier High Pressure STM studies Hendriksen et al. had already 
found that the oscillations are the periodic switching between the low-activity 
metal phase and the high-activity oxide and these changes in structure can also 
be recognized in figure 3 [9,10,77]. From the changes both in the reaction rates 
and in the STM images we see that the metal-to-oxide and oxide-to-metal 
transitions take only a fraction of a second, while the period of the oscillations 
can be many minutes. 
We propose that the essential element that governs the long oscillation period is 
the slow variation of the surface roughness. We have observed with both SXRD 
and STM measurements that during the catalytic CO oxidation in the metallic 
phase the surface slowly smoothens, while it slowly roughens when the reaction 
runs in the oxide phase.  
It is plausible that during the Mars - Van Krevelen mechanism on the oxide a 
small fraction of the metal atoms in the oxide becomes sufficiently strongly 
undercoordinated with oxygen to become mobile and diffuse out of their 
original positions until they are re-oxidized and immobilized on top of the oxide 
[6,9] (see chapter 3, figure 5).  
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Figure 3: Spontaneous oscillations in the CO oxidation rate on Pd(001). The top 
panel shows the reaction rate (red) and the CO pressure (black), observed in a flow 
reactor at a constant oxygen pressure of 1200 mbar and a temperature of 408 K. 
The scanning tunneling microscopy images (image size: 100nm×100nm) have been 
recorded simultaneously with the CO2 and CO pressures and show that the 
oscillations are accompanied by the oxidation and reduction of the Pd surface. The 
metal phase exhibits characteristic terrace-and-step configurations with the well-
defined step height of Pd(001), while the oxide is rougher and shows no such order. 
These high-pressure scanning tunnelling microscopy measurements were performed 
in a dedicated ‘Reactor-STM’, which combined preparation and characterisation of 
the surface under ultrahigh vacuum conditions with STM experiments in an 
integrated flow-reactor cell at temperatures up to 500 K and pressures up to 5 bar 
[9, 23,78]. 
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The lack of mobility within the oxide layer at the temperature of our 
experiments prevents the resulting roughness from decaying before further 
roughness is added by the same process. Figure 4 shows that in the oxide phase 
the roughness of the PdO layer gradually increases as a function of the total 
amount of CO converted to CO2. Within the attainable window of roughness 
during one of our “CO pulse experiments” we see that the roughness varies 
roughly linearly with the total amount of produced CO2. This is in good 
agreement with the assumed model of the roughness being induced by the CO 
oxidation reaction. On the contrary, in the metallic phase we observe high 
surface mobility and the reaction does not cause further roughening as it no 
longer runs through the Mars - Van Krevelen mechanism, so that the surface 
roughness slowly decays with time (see figure 1b, or chapter 4, figure 6). 
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Figure 4: Left panel: Rocking scans around the surface normal of the diffraction 
maximum of PdO at (0.4 0.8 0.72). The scan made directly after forming the PdO 
layer in pure O2 has the lowest FWHM, showing the most ordered PdO layer. After 
the surface has converted respectively 60 and 80 mbar of CO into CO2, the rocking 
scans show a clear increase in FWHM, corresponding to a roughening of the 
surface due to the catalytic conversion of CO to CO2. Right panel: Increase in 
FWHM as a function of the total conversion of CO. This roughening confirms the 
assumption of a Mars - Van Krevelen mechanism for this reaction on the thin PdO 
layer. The dashed line (right panel) is the lowest order fit for this measurement, 
indicating a linear increase in roughness due to CO oxidation.
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Together with the influence of the step density on the metal-oxide transition, 
this accumulation and decay of roughness leads to a simple scenario for the 
self-sustained reaction oscillations (figure 5). Each cycle is composed of four 
steps or transitions, and four surface states: (A)→(B)→(C)→(D)→(A). Each 
oscillation cycle follows these four steps: 
(A)→(B): smoothening metal. The cycle starts with a rough metal surface (state 
(A)), as we find it immediately after the oxide-to-metal transition. The reaction 
follows the Langmuir-Hinshelwood reaction mechanism (gas adsorption and 
subsequent reaction), resulting under these conditions in a low reaction rate 
metalR . In the metal phase the surface smoothens, which shifts the conditions 
towards the metal-oxide phase transition ( *COP  increasing towards COP ). 
(B)→(C): metal-to-oxide transition. On the now smooth metal surface (state 
(B)) the step density has become low enough that *CO COP P=  and the surface 
‘spontaneously’ oxidizes in a fraction of a second (state (C)). The reaction 
changes abruptly to the Mars - Van Krevelen mechanism (oxide reduction and 
re-oxidation) with the high reaction rate oxideR . Now that more CO is being 
consumed, COP  is reduced by COP∆ , which further stabilizes the oxide. 
 
Figure 5: Generic model for the reaction rate oscillations. Each cycle takes the 
surface through stages (A) rough metal, (B) smooth metal, (C) smooth oxide, and 
(D) rough oxide, after which the next cycle starts again at (A). Panel (a) shows the 
metal-oxide phase diagram (cf. figure 1), in which the phase boundary is determined 
by the roughness and the CO partial pressure COP . Per cycle ABCD the surface 
crosses this boundary twice (at B and at D). Panels (b)-(d) show the variations in 
roughness, PCO , and reaction rate (~ 2COP ) during three complete cycles. While in 
the oxide phase, the surface becomes progressively rough, whereas it smoothens in 
the metal phase (panel b). As can be read off from panel (a), these variations in 
roughness introduce corresponding variations in the value of the metal-oxide 
transition, which are indicated by the green line in panel (c). At points B and D in 
the cycle, this critical *COP  value becomes equal to the actual CO pressure PCO
(black lines in panel c) and the phase transition takes place. Since the reaction rate 
on the oxide is higher than that on the metal (panel d), the CO pressure in the 
reactor switches up or down by COP∆± every time the surface is reduced or 
oxidized (black lines in panel c). The period of the oscillation is determined by the 
magnitude of COP∆ and by the smoothening and roughening rates in the metal and 
oxide phases. 
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(C)→(D): roughening oxide. The Mars - Van Krevelen reaction mechanism 
leads to a slow build-up of surface roughness, creating a rough oxide surface. 
This, in turn, reduces *COP  towards COP . 
(D)→(A): oxide-to-metal transition. When the oxide has become sufficiently 
rough that *CO COP P=  (state (D)) the system switches back to a (rough) metal 
surface (state (A)). The reaction changes abruptly to the Langmuir-
Hinshelwood mechanism again, reducing the reaction rate to metalR , thus 
increasing COP  by COP∆  and further stabilizing the metal phase. This restores 
the starting conditions and closes the cycle. 
All ingredients in this scenario (oxide roughening and metal smoothening, the 
dependence of *COP  on roughness, the different reaction mechanisms and rates 
and the resulting changes in local COP ) are based on experimental observations.  
 
5.3.1: Numerical model 
We have tested the scenario in a simple numerical calculation, in which we 
modeled the roughness evolution and the dependence of *COP  on roughness with 
first-order differential equations. Details of this calculation are given below. 
Although the model is too crude to faithfully describe all details of the CO 
oxidation reaction on Pd(001) and produce an accurate fit to measured reaction 
oscillations, it fully captures the essence of the observed oscillations, such as 
the influence of COP  on the oscillation period and on the ratio between the 
metal and oxide parts of the oscillations. 
In our model, each of the two phases of the surface, metal and oxide, is 
characterized by two rates, namely the reaction rate of CO oxidation and the 
rate of change of the surface roughness. These rates are summarized in the 
table 1.  
The reaction rate metalR  on the metal (equation 1) corresponds to the ‘text-book’ 
Langmuir-Hinshelwood kinetics in which O2 adsorbs dissociatively and CO 
molecularly onto the surface. The amount of free positions on the surface is 
normalized to 1, and the oxygen needs two free adjacent positions to adsorb 
dissociatively. The constants 1k  and 2k  are ratios of the rate constants for 
adsorption and desorption of O2 and CO respectively.  
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R (1) d a
dt
ρ ρ= −  (2)
Oxide 
phase 





ρ ρ= −  (4)
Table 1: Rate equations for the mathematical model describing self-sustained 
oscillations caused by formation of roughness in the oxide phase. 
 
On the other hand the reaction rate on the palladium oxide surface in these 
conditions (equation 3) is proportional to the CO pressure and independent of 
the oxygen pressure, as observed in chapter 4. 
We express the roughness of the surface in a dimensionless parameter ρ , 
which can vary between 0 (completely smooth surface) and 1 (maximally rough 
surface). On the metal surface there are several competing diffusion 
mechanisms that reduce the step density, each with its own non-trivial scaling 
behavior with time. In the SXRD experiments on Pt(110) under these 
temperature and pressure conditions however, we find that the net result is very 
well described by an exponential decay of the roughness with time (see chapter 
2 of this thesis). In the model this is introduced by making the rate of roughness 
change proportional to ρ−  in the metallic phase (equation 2). On the oxide, 
roughness is observed as a ‘by-product’ of the reaction. In chapter 2, we have 
argued that in general the formation rate of the roughness should scale with the 
reaction rate (Roxide)n. For the oxide on Pt(110) we have determined that the rate 
of production of roughness is best described with a model in which n = 3. For 
the oxide layer on Pd(001) however, we have only determined the total amount 
of roughness produced as a function of the total amount of CO converted to 
CO2 (see chapter 4 of this thesis and [78]). As no further data is available, we 
have assumed n to be 1 in (equation 4) for the model describing the oscillations 
on Pd(001). Although this choice might result in a numerical difference 
between the model and the observed oscillations for Pd(001), it does not affect 
any of the intrinsic properties of the model. The extra factor ( )1 ρ−  in the 
OPERANDO SXRD: A NEW VIEW ON CATALYSIS 
 152
oxide’s roughening rate limits the roughness to the interval [0;1). The constants 
a  and b  in equations (2) and (4) are both positive. 
An important element in the model is the change COP±∆  in local CO pressure 
when the surface switches from oxide to metal or vice-versa. As the CO flow is 
kept constant throughout all the STM experiments in which oscillation have 
been observed, this can only be caused by the change in reaction rate. The 
change in CO pressure is hence directly proportional to the change in reaction 
rate:  
 
 ( )CO oxide metalP c R R∆ = −   (5) 
where c  is a positive constant. For oscillations under steady-state conditions 
oxideR  and metalR  are constant and so is COP∆ . 
Finally and most importantly, we need to specify the relation between the CO 
pressure *COP  at which the metal-oxide phase transition takes place and the 
surface roughness ρ . As we have seen experimentally (figure 2) we can 
describe this by a linear relation 
 
 ( ) ( )* * 0CO COP P eρ ρ= − , (6) 
where e is a positive constant. When COP  is higher than ( )*COP ρ , the surface is 
in the metallic phase with the reaction rate and roughness variation being 
prescribed by equations (1) and (2). When it is below ( )*COP ρ , the surface is in 
the oxide phase and the rates are given by equations (3) and (4). 
Together, equations (1) to (6) successfully describe the characteristics of the 
self-sustained oscillations experimentally observed under steady-state reaction 
conditions as well as the transient oscillations observed during slow ramps in 
the CO partial pressure. The numerical scheme, based on equations (1) to (6) 
and that was used to calculate the reaction rate oscillations of figure 3, is shown 
in figure 6. 
The reaction oscillations discussed here are not due to some non-linear type of 
dynamics, which forms the basis of all previously proposed models for 
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oscillatory oxidation reactions [77,82]. Also, there is no element of bi-stability 
in our model. The seeming bi-stability, both oxide and metal being stable under 
the same ( )2, ,O COT P P  conditions, is removed when we also specify the 
roughness ρ . At each ( )2, , ,O COT P P ρ  combination only one of the two phases 
is stable. 
Based on this model and simple diffusion and reaction-rate considerations, we 
predict that the oscillation period should be a strong function of temperature, 
with higher temperatures leading to much shorter periods. Another important 
element is hidden in the design of the reactor and, in particular, in the flow 
resistance of the gas line between the CO pressure regulator and the reactor, 
since this resistance determines the strength COP∆  of the pressure variations. 
This quantity dictates how wide or narrow the window is of pressures COP  for 
which the system will exhibit spontaneous reaction oscillations and it also has a 
direct influence on the oscillation period. This aspect may be responsible for the 
Figure 6: Scheme of the numerical model for self-sustained oscillations at constant 
oxygen pressure. At the beginning of each numerical time step the local CO 
pressure COP  and the roughness ρ (through ( )ρ*COP ) determine whether the surface 
is in the metal phase or in the oxide phase. If the system is in the metal phase the 
local CO pressure is equal to metalCOP , close to the partial pressure of CO in the 
supplied gas flow, the reaction rate follows equation (1), and the roughness 
decreases from nρ  to 1+nρ  according to equation (2). In the oxide phase the local 
CO pressure is reduced by COP∆ as a result of the high reaction rate, 
oxide metal
CO CO COP P P= −∆ , the reaction rate follows equation (3), and the reaction induced 
roughness increases proportional to the reaction rate given by equation (4). 

















( )ρ*COCO PP ≥ ( )ρ*COCO PP <
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large variation in oscillation behavior found for the same reaction systems 
between different instruments or different research groups [92]. 
 
5.4 Conclusions: 
Our scenario presents a new mechanism for oscillatory oxidation reactions at 
atmospheric pressure. It is not specific for Pd(001); we have observed similar 
oscillations in CO oxidation on several other Pd and Pt surfaces. As can be seen 
in chapters 2 to 4, the behavior of all the investigated single crystal surfaces of 
Pd and Pt is extremely similar with respect to reaction rate in the metallic and 
oxidized states, and the formation and removal of roughness in these respective 
states. Equivalent oscillation mechanisms, again involving the role of steps, 
may be at play in other catalytic reaction systems, e.g. other oxidation reactions 
or reactions involving the formation of other surface species, such as carbides, 
sulphides or nitrides. 
The new role identified here for roughness in heterogeneous catalysis may serve 
as a specific target for future catalyst design; e.g. in the form of structural 
promoters that inhibit the formation of steps or enhance surface mobility and 
thus increase the decay rate of the roughness. 
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Appendix A: Instrumentation 
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A.1: The ID03 Beamline 
All SXRD experiments presented in this thesis have been performed at the ID03 
Beamline of the European Synchrotron Radiation Facility (ESRF). The X-Ray 
photon source of this beamline is a set of two identical “U42” undulators. The 
X-Ray beam first passes through a set of slits to remove the tails of Gaussian 
profile of the beam in the directions perpendicular to the forward direction. It is 
then energy-filtered by a liquid nitrogen cooled, double mirror Si(111) 
monochromator. For all experiments presented in this thesis a photon energy of 
17keV (0.7 Å) was selected, corresponding to the 5th harmonic of the 
undulators. The second mirror of the monochromator can be bent to create a 
variable focus for the monochromatic X-Ray beam in the horizontal plane, 
perpendicular to the forward direction of the beam.  
After the monochromator a set of two flat mirrors is used to repel higher 
harmonics of the energy selected at the monochromator. Both mirrors have 
three different surface coatings for working in different energy regimes.  
At 1.5 meters before the sample position there is a Kirkpatrick-Beaz (KB) 
focusing system [98,99] consisting of two perpendicular mirrors allowed to 
focus the beam to a minimum size of 20 µm in the horizontal and 5 µm in the 
vertical direction. Some of the early experiments have been performed previous 
to the installation of the KB-system, and in those the beam size was determined 
by slits placed before the sample. In all later experiments the horizontal 
focusing was performed with the monochromator bender, resulting in a typical 
horizontal beam size of 1 mm. The vertical focusing was performed with the 
KB-system, resulting in a typical vertical beam size of 20 µm. Although pre-
sample slits are still present on the setup, no slits were used to cut down the 
beam size in this focused configuration. The maximum photon flux impinging 
on the surface in this configuration, at this energy is approximately 4·1012 
photons / sec. This is almost a factor 5 higher than in the setup without KB-
system, where the beam size was cut down using pre-sample slitsi.  
The incident angle αi of the X-Ray beam with respect to the surface plane in 
most experiments is of 1 degree (17 mrad). This value has been chosen as it is 
                                                 
i During the writing of this thesis the optics and undulator sources of the ID03 
beamline have been improved. A detailed description of the present specifications can 
be found on http://www.esrf.eu/UsersAndScience/Experiments/SurfaceScience/ID03 
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an angle at which the diffracted intensity is much less sensitive to variations in 
the incident angle (i.e. misalignment) than at the true critical angle αc which is 
typically 0.2 degree (3.4 mrad) for Pt or Pd surfaces at this photon energy. 
Working at αc gives a better signal to noise ratio as well as a better surface to 
bulk signal ratio. Due to the very high flux available at the ID03 beamline 
however, the gain in diffracted intensity and signal to noise ratio does not 
weight up to the drawback of high sensitivity to misalignment at αi = αc.  
 
A.2: The High Pressure / UHV Chamber 
All experiments have been performed in a combined UHV / High Pressure 
chamber [48] (see figure 1). This chamber has a volume of approximately 2 
liter, and is pumped by two turbomolecular pumps (TMP) of respectively 70 
and 50 l/s working in series, and backed by a dry primary pump (scroll). The 
base pressure of this chamber is 1·10-9 mbar. The chamber is equipped with 1 
cold cathode pressure gauge (figure 1, 8) and 2 capacitive pressure gauges (not 
shown) which cover the full range of pressure from UHV up until 1100 mbar. 
The chamber is furthermore equipped with a Quadrupole Mass Spectrometer 
with a high voltage electron multiplier (channeltron), able to analyze molecules 
and fragments of molecules of a mass up to 100 atomic mass units. 
The sample is mounted with its surface in the horizontal plane on a ceramic 
(boron nitride) heating plate. It is pressed down onto the heating plate by 
Molybdenum or Tantalum clips and screwsii. The sample can be annealed to 
temperatures up to 1500 K in vacuum, and up to approximately 800 K at 
elevated pressures in an oxidizing environment. The temperature of the sample 
is measured using a Tungsten-Rhenium thermocouple (type C), mechanically 
clamped to the ceramic heating plate and sample clips. Special care is taken to 
have no Nickel present inside the chamber whenever CO is used, to prevent 
Nickel contaminations through the formation of Ni-carbonyls [100-102]. To 
clean the surface of the single crystal samples, an ion gun is mounted with 
direct view to the sample (figure 1, 10). It is connected through a leak valve to a 
                                                 
ii Due to the formation of Tantalum hydrides, Molybdenum is used whenever hydrogen 
is present in the gas phase. In all other cases Tantalum is used as Molybdenum is less 
resistant to strongly oxidizing environments, which is the case in most experiments 
presented in this thesis. 
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separate Argon bottle for Ar+ ion sputtering, and can be closed off from the rest 
of the vacuum system by a valve when performing high pressure experiments 
(figure 1, 6). 
The chamber is divided in two main volumes, separated by one main valve 
(figure 1, 7). The top part of the chamber houses the QMS (not shown), cold 
cathode gauge and TMP (figure 1, 9), and is always kept at low pressure. The 
bottom part, i.e. the reactor part of the chamber, contains the sample and sample 
holder (i.e. the ceramic heater), the two capacitive pressure gauges, and the 
connection to the gas manifold. It is also equipped with a 2 mm thick, 360° 
degree beryllium window to allow the X-Rays to enter and exit the chamber 
(figure 1, 4). In the present geometry, the sample position with respect to the 
top of the beryllium window allows for and entrance and exit angle from 0 to 
57° degrees. In practice spatial limitations due to the detector and equipment 
attached to the chamber limit the exit angle to approximately 33° degrees. The 
entrance angle (or incident angle αi) is limited due to the limited travel of 
several circles on the diffractometer to 10° degrees. 
 In low pressure experiments (from 10-9 up to 10-4 mbar) the main valve is open, 
and the pressure is the same inside the whole chamber. The balance between the 
pumping speed of the TMPs and the flow through the leak valve connecting the 
chamber to the gas manifold determines the pressure inside the chamber. 
During high pressure experiments (from 1 mbar up to 2000 mbar) the main 
valve is closed, and only the bottom part of the chamber is pressurized. The 
pressure in the bottom part of the chamber is static (i.e. no pumping), and is 
limited to 2 bar by technical limitations of the main valve and the capacitive 
pressure gauges. A leak valve is used to sample gas from the bottom part to the 
top part for online gas analysis by the QMS. At intermediate pressures (from 
10-3 up to 10-1 mbar) the main valve is partly closed to create a pressure 
difference between the bottom and top part of the chamber. This is done to 
reduce the pressure in the top part of the chamber to allow both the TMP and 
QMS to work properly and to reduce the total flow of gas through the chamber. 
Depending on the pressure conditions this chamber is hence used in flow (low 
and intermediate pressure) or batch mode (high pressure). The bottom part of 
the chamber can be pumped directly by a primary (membrane) pump through a 
leak valve. This prevents having to stop the TMP after each high pressure 
experiment. 
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Figure 1: Picture (a) and schematic drawing (b) of the High pressure / UHV 
Diffraction chamber. In the schematic drawing several components have been 
labeled. The flange that supports the sample holder (2), the sample itself (3) and the 
beryllium window (4) are depicted in the bottom (reactor) part of the chamber. The 
valves separating the high pressure part from the UHV are denoted 6 (for the ion 
gun (10)) and 7 (main valve). In the top part only the UHV pressure gauge (8) and 
TMP (9) are labeled. The QMS is placed on a CF35 flange at 90 degrees from the 
UHV pressure gauge (not shown here). 
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A.3: The gas manifold 
The chamber is connected through a leak valve to a gas manifold, with the 
possibility to mix up to 5 high purity gasses. A schematic drawing of the 
manifold is shown in figure 2. The whole manifold, except a few valves can be 
backed and is pumped through a primary (membrane) pump and a TMP. The 
base pressure of the manifold is, due to the high flow resistance of the long and 
thin tubes, only 10-4 mbar. Although that seems like a relatively elevated base 
pressure, this gives rise to contamination levels which are below 1 ppm when 
the manifold is filled with 1 bar of gas. This is less than the contaminations 
present in even the highest purity gas bottles. Three of the gas lines are fully 
equivalent, and are meant for gasses such as O2, NO, H2 or CH4. They are 
equipped with several valves, a pressure regulator and a sampling bottle. The 
fourth line is dedicated to CO, and is specially equipped with a full stainless 
steel regulator, to prevent Ni-carbonyl contaminations from the brass parts in 
Figure 2: The gas manifold developed and used at the ID03 beamline. It is 
composed of 3 identical gas lines now occupied with O2, H2 and NO respectively, 
but other gas types like CH4, C2H4 etc can be connected depending on the 
experiment. These lines are composed of a first valve (V3 – V5), a regulator 
(P3 - P5) and sampling bottles (S1 – S3). After another set of valves they all end up 
on a main gas line leading to V16. A separate line is dedicated to CO. Until V21 the 
line is equivalent to one of the other gas lines, with the exception that a full stainless 
steel regulator is used to prevent Ni-carbonyl contaminations from brass 
components. From V21 on several elements are placed to clean the CO. Two liquid 
nitrogen cold traps (CT1 and CT2) are used to clean the CO by distillation, and a 
heated Cu trap (575K) is used to decompose any Ni-carbonyls. A sampling bottle 
(S4) to collect a fixed amount of cleaned CO is placed further downstream. The 
Argon line is used to diluted or flush the gas system, and is not directly meant for 
experiments. It does not have a sampling bottle and goes directly from regulator P1 
and valve V1 to the common gas line. An extra connection to this common gas line is 
available for special gas bottle that would not fit onto the regular lines 
(marked ‘E’). Both the front and backside of the regulators can be pumped down by 
a primary and turbomolecular pump through valves V06 and V15 / V20 respectively. 
Three pressure gauges are connected to the manifold. Two high pressure piëzo 
gauges G1 and G3 (0-5 bar and 0-50 bar resp.) and a full range gauge (G2). The 
sampling bottle S5 can be changed for a liquid nitrogen cold trap to clean the 
manifold by condensation. The whole manifold is connected to the chamber via a 
flexible tube and a leak valve.  
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most regulators. Furthermore this line is equipped with a piece of curled copper 
tubing which can be heated to 575 K and acts as a trap for any remaining Ni-
carbonyls. To further clean the CO, the line also has two liquid N2 traps to clean 
the CO by subsequent steps of condensation and distillation. Because of the 
presence of the cold traps, this line is also used to work with water and D2O. 
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The last line is for the Argon. Argon is used to flush the gas lines when 
switching between gasses or after changing bottles of any of the gasses. At high 
pressures, flushing is more efficient in cleaning the gas system than baking and 
pumping. An extra connection to the manifold is present and unused. It is meant 
for gasses, bottles or equipment of a type that would not fit onto the regular 
connections. 
The manifold is connected to the chamber by a flexible, UHV compatible tube of 
approximately 2.5 meter with an internal volume of approximately 0.5 liter. This part of 
the manifold is equipped with its own sampling bottle for sampling mixtures of gasses 
coming from the different lines of the manifold. A Mass Flow Controller (MFC) is 
placed in between the end of the flexible tube and the leak valve to the main chamber. 
This allows us to work with a constant flow of gas through the chamber instead of only 
in batch (static) mode during the high pressure experiments. A Pressure Controller (PC) 
is mounted on the exit line of the chamber, before the primary pump, to regulate the 
pressure when in flow mode. The controllers only work in the high pressure regime 
(Poptimum = 1 bar, Pmin = 0.1 mbar , flowmax = 50 mln/min). Both regulators can be 
controlled by serial lines from the control room, and both can be bypassed in 
experiments in which only batch mode is required. 
This complete setup allows us to prepare a surface under UHV by the 
traditional method of cycles of sputtering and annealing. Through the leak valve 
we can also expose the sample to low pressures (~ 10-6 mbar) of any of the 
gasses of the gas manifold during these preparation stages. We can also expose 
the surface to elevated pressures of gas in combination with elevated 
temperatures for chemical cleaning procedures (e.g. redox cycles). We can 
subsequently expose the surface to any mixture of gasses from the manifold 
over the full pressure range of 12 orders of magnitude from 10-9 up to 2·103 
mbar, at temperatures ranging form 293 K (i.e. room temperature) up to 1500 K 
in vacuum and 800 K in elevated pressure conditions. During all preparation 
steps, and under all experimental conditions stated here above the 
crystallographic state of the surface can be analyzed by SXRD. The elevated 
pressure surrounding the sample has no measurable influence on the quality of 
the gathered data. 
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A.4: 6-circle Diffractometer 
The chamber is mounted on a 6-circle diffractometer [103]. The diffractometer 
is shown in figure 3. The chamber is mounted such that the sample surface 
normal points in the vertical direction. The circles chi and phi are only used for 
alignment purposes. The motors delta and gamma determine the detector 
position, and theta is the rotation angle around the surface normal. Motor alpha 
determines in the incident angle of the X-Rays and is usually fixed at αi = 1° 
degree, or at the critical angle αc. It is also used for scanning when measuring 
the specular reflectivity. All translation motors (xt, yt, bver, bhor and zax) are 
solely used for alignment purposes.  
 
A.5: A new setup for SXRD at elevated pressure conditions 
Although the setup described here above allows us to reach any required point 
in a very large pressure and temperature window with wide variety of gasses, it 
has some experimental limitations. We have identified two main points that 
limit us in performing experiments that are even closer to industrial catalysis 
conditions.  
The first is that the present setup lacks the possibility of depositing particles 
(in-situ) on oxide substrates. The combination of a system like the present one, 
with the ability to perform operando experiments, and the possibility to deposit 
small metallic particles on oxide substrates would allow us to bridge both the 
pressure gap and some of the main elements of the materials gap (particle size, 
oxide support and interaction oxide / particle) within one single setup. 
The second point with the present setup is the relatively large volume of the 
reactor chamber with respect to the catalytically active surface of the sample. 
This makes it difficult for us to detect the reaction products of reactions with 
slow reaction rates. At a given turnover rate, the surface of the catalyst 
determines the total amount of reaction product produced per time unit. In batch 
mode, the partial concentration of the reaction product as a result of the reaction 
is inversely proportional to the volume of the reactor. In short: the ratio between 
the catalysts active surface and the reactor volume determines the minimal 
reaction rate that is detectable within an acceptable window of time.  
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Figure 3: Vertical z-axis 6-circle diffractometer. The top right image shows all 
motors at their ‘0’ position. The bottom angle ‘mu’ determines the incident angle. 
‘Theta’ is the rocking angle around the surface normal. Delta and gamma are 
respectively the in-plane and out-of-plane detector angles. ‘Bvert’ and ‘bhor’ are 
used to center the diffractometer with respect to the X-Ray beam, ‘Yaxis’, ‘Xaxis’ 
and ‘Zaxis’ do so for the sample surface. ‘Chi’ and ‘phi’ ensure that the sample
surface is parallel to the beam at any value of ‘theta’. ‘ath’ And ‘a2th’ align the 
analyzer crystal and detector with respect to the flight tube. The top left image 
shows all motors at positive angle. The bottom image shows a more detailed look 
onto the detector arm, with extra motors for the analyzer crystal, and the slit 
positions with respect to the flight tube. 
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With the present single crystal samples with a typical surface in the order of 
1 cm2 in a reactor volume of 1 liter, we are limited to fast reactions onlyiii. 
The second disadvantage of the relatively large volume of the reactor is the 
difficulty to work in flow mode. Although it is possible to work in flow mode in 
the present reactor, the large volume is responsible for a very long refresh time 
(20 minutes at full flow), and for a large consumption of the reactant gasses 
(3000 mbar·l/hour). The long refresh time, combined with high reaction rates, 
makes it very difficult to accurately control the partial pressures of the different 
gasses within the reactor during the experiment as a function of time. The 
partial pressure are now mainly determined by the partial gas pressures at the 
start if the experiment, the stoichiometry of the reaction and the reaction rate.  
With these issues in mind, we have designed a novel High Pressure SXRD 
chamber. Keeping the same base pressure and sample preparation tools as are 
available in the present setup, the new setup will now also have the possibility 
of depositing metal particles in-situ, and will have an (estimated) reactor 
volume of 10 ml. The new chamber is shown in figure 4. A bellow mechanism 
(figure 4e and 4e*) allows for a vertical movement of the preparation tools 
(evaporator and ion gun, respectively figure 4h and 4f). When moved down, 
they are out of the line of sight of the X-Rays (figure 4g) for performing SXRD 
experiments. They are lifted into a position of direct view onto the sample 
surface during the sample preparation stages. Moving the preparation tools 
down automatically closes off a small reactor volume around the sample 
(figure 4b). The whole rounded top part of the reactor wall (figure 4a) is made 
out of beryllium to allows the X-Rays to enter, scatter from the sample surface 
and leave the reactor to reach the detector.  
The sample holder, which is inside the reactor (figure 4b), will be equipped 
with the same commercial ceramic heating plate, and special care has been 
taken to avoid any reactive or corroding metal in the sample holder and inside 
of the reactor. The new chamber is mounted in the same geometry on the six-
circle diffractometer as the previously described setup. This setup will allow us 
to perform operando SXRD experiments on in-situ deposited metal particles on 
(single crystal) oxide supports in flow mode. According to finite element 
calculations [104] the sample temperatures accessible in high pressure 
                                                 
iii Setting our detection limit at 10 mbar·l/hour, this would imply a minimum reaction 
rate of 70 molecules/site/second being produced on the surface of the catalyst.  
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experiments will be equal or better than in the previous setup. The first SXRD 
experiments with this setup are planned for the fall of 2007. 














Figure 4: The new UHV / High pressure SXRD chamber developed in collaboration 
between Leiden University and the ESRF. The chamber is composed of a moving top 
part containing all tools for UHV preparation of the sample, and a fixed bottom 
part, connect through a bellow. The top image is a cross section of the camber in the 
position for X-Ray diffraction, with a closed reactor. The labels respectively denote 
the 180° x 360° degree beryllium dome (a), the sample surface (b), the guiding rods 
(c) and threaded rods (d) for vertical movement of the top part of the chamber. The 
bellow is shown in closed (e) and open position (e*). The top part contains all the 
tools for in-vacuum preparation of the sample like an ion gun (f) and evaporation 
cell (h) (cell not shown in this drawing, only the flange and tube, here closed off by 
a blind flange). In the closed position, all these tools remain under the level of the 
X-Ray beam (g). The bottom part of the chamber also houses a QMS (i), a UHV 
pressure gauge (k) and the TMP (j). The chamber is move to the ‘opened’ and 
‘closed’ positions by a motorized sprocket and chain mechanism. Lifting bolts have 
been mounted onto the bottom flange to be able to mechanically lift the chamber 
onto and off the diffractometer. 
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Samenvatting voor de leek 
In dit proefschrift presenteer ik de resultaten van mijn onderzoek met behulp 
van röntgenkristallografie naar de structuur en werking van katalysatoren. 
Katalysatoren zijn, in algemene zin, alle elementen die men aan een chemische 
reactie toe kan voegen om die reactie te versnellen zonder zelf geconsumeerd te 
worden door de reactie. De eerste industriële toepassing van katalyse is al bijna 
100 jaar oud. Met empirisch onderzoek is de afgelopen eeuw voor bijna iedere 
reactie wel een specifieke katalysator gevonden. Van die katalysatoren is ook 
bekend wat de beste omstandigheden zijn waaronder zij hun werk doen. 
Desondanks ontbreekt voor veel katalysatoren de fundamentele kennis van hoe 
de katalytische reactie precies verloopt op het meest elementaire niveau: dat van 
atomen en moleculen. Door deze kennis kan niet alleen uitgelegd worden 
waarom een katalysator het beter of slechter doet onder bepaalde 
omstandigheden, ook kan men op basis van die kennis bestaande katalysatoren 
verbeteren of nieuwe katalysatoren ontwikkelen voor toekomstige toepassingen. 
Verreweg de meeste katalysatoren worden gebruikt in en door de (petro-) 
chemische industrie. Voor vrijwel ieder geïndustrialiseerd chemisch proces 
bestaat wel een katalysator. Maar het bekendste voorbeeld van een katalysator 
bij het grote publiek is de zogenaamde 3-weg katalysator, die een aantal 
schadelijke stoffen uit de uitlaatgassen van motorvoertuigen omzet in minder 
schadelijke stoffen. Deze katalysator bestaat tegenwoordig uit kleine deeltjes 
platina en palladium, die onder andere de omzetting van koolmonoxide (CO) 
met behulp van zuurstof (O2) naar kooldioxide (CO2) katalyseren. Deze reactie 
is niet alleen belangrijk voor de technologie van de huidige 3-weg 
katalysatoren, maar is ook van wezenlijk belang voor het beschermen van het 
vitale onderdeel van brandstofcellen tegen vergiftiging door CO. Het is op de 
elementaire stappen van deze reactie, de katalytische oxidatie van CO op 
platina en palladium, dat ons onderzoek zich heeft gericht.  
De katalytische oxidatie van CO is een voorbeeld van zogenaamde ‘heterogene 
katalyse’. Dit is de naam voor gekatalyseerde reacties waarbij de katalysator 
zich in een andere fasei bevindt dan de reactanten en producten van de reactie. 
In heterogene katalyse vindt de echte omzetting van de reactanten aan of op het 
oppervlak van de vaste stof plaats. Een typisch scenario van de gehele weg van 
                                                 
i Met ‘fase’ wordt bedoeld vast, vloeibaar of gasvormig. 
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reactanten naar eindproduct zou als volgt kunnen zijn: Een enkel molecuul van 
reactant ‘A’ komt in contact met het oppervlak, en bindt zich daaraan (dit 
proces heet ‘adsorptie’). Een molecuul van reactant ‘B’ bindt zich via dezelfde 
weg ook aan het oppervlak. Op het moment dat een molecuul van type A een 
molecuul van type B tegenkomt op het oppervlak, zullen ze zich aan elkaar 
binden en het reactieproduct ‘AB’ maken. Dit nieuwe molecuul verbreekt 
vervolgens zijn binding met het oppervlak en keert terug naar de gasfase (dit 
proces heet ‘desorptie’). Dit gehele proces wordt meestal met een formule 
beschreven worden die er als volgt uitziet: 
 
 katalysatorA B AB+ →  
Voor de oxidatie van koolmonoxide met behulp van zuurstof op bijvoorbeeld 
een platina katalysator ziet de reactievergelijking er als volgt uit: 
 
 1 2 22
PlatinaCO O CO+ →  
Deze formule is echter een sterke vereenvoudiging van de werkelijkheid. Zo 
staat er voor de O2 in deze vergelijking een factor ‘½’ om aan te geven dat 
slechts 1 van de twee zuurstofatomen uit een zuurstofmolecuul nodig is per CO 
molecuul. Om dat ene atoom zo ‘los’ beschikbaar te maken, moet het 
zuurstofmolecuul na adsorptie op het platina oppervlak eerst gescheiden worden 
in twee losse zuurstofatomen. De formule beschrijft echter nergens dit 
scheidingsproces. Ook wordt bijvoorbeeld de manier waarop de zuurstofatomen 
en koolmonoxide moleculen elkaar ‘vinden’ op het oppervlak niet beschreven. 
Echter, juist het begrijpen van al deze elementaire stappen op de atomaire 
schaal is noodzakelijk om echt te doorgronden hoe de katalysator werkt op 
fundamenteel niveau. Al ruim 40 jaar zijn wetenschappers uit de wereld van de 
oppervlaktewetenschappen (“surface science”) bezig om te proberen elk van 
deze elementaire stappen te begrijpen. Dit specifieke deelgebied van de 
oppervlaktewetenschappen heet ook wel oppervlaktechemie (“surface 
chemistry”)ii.  
                                                 
ii Een van de grondleggers van de oppervlaktechemie, Gerhard Ertl, heeft in 2007 de 
Nobelprijs voor de chemie ontvangen voor zijn aandeel in het ophelderen van 
chemische reacties op en aan het oppervlak van vaste stoffen. 
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Om processen als adsorptie en desorptie op atomair niveau te kunnen volgen, 
hebben deze wetenschappers technieken ontwikkeld waarmee de interactie 
tussen gassen en oppervlakken onder de meest ideale omstandigheden kan 
worden bestudeerd. Nagenoeg perfect kristallijne oppervlakken van heel 
zuivere metalen worden blootgesteld aan zeer kleine en nauwkeurig gedoseerde 
hoeveelheden gasmoleculen. Om verontreinigingen te voorkomen wordt alles 
uitgevoerd in Ultrahoog Vacuüm (UHV). Het nadeel van het gebruik van UHV 
is dat, als men gaat kijken naar het oppervlak bij hoge temperatuur (in wezen de 
reactietemperatuur), slechts een kleine fractie van het oppervlak bedekt is met 
de reactant(en) vanwege de zeer lage gasdruk; dit in tegenstelling tot het 
oppervlak van een katalysator bij hoge druk (~ 1 atmosfeer), dat zelfs bij hoge 
temperaturen nog volledig bezet is door geadsorbeerde moleculen. Om dat 
verschil op het oppervlak ongedaan te maken wordt in UHV experimenten vaak 
gewerkt bij zeer lage temperatuur. De reactiesnelheid is in bijna alle 
omstandigheden afhankelijk van de temperatuur, en in vele gevallen ook van de 
druk. Meten bij lage druk én lage temperatuur heeft onherroepelijk tot gevolg 
dat de snelheid van de gekatalyseerde reactie zo goed als 0 is. Dat is natuurlijk 
een tekortkoming wanneer men op zoek gaat naar de elementaire stappen van 
een chemische reactie. Wat er daadwerkelijk tijdens de katalytische reactie 
plaatsvindt op het oppervlak hoeft dus zeker niet overeen te komen met wat er 
waargenomen wordt in UHV bij lage temperatuur. Om met zekerheid te kunnen 
zeggen wat er gebeurt tijdens de reactie, moeten er metingen worden verricht 
terwijl de reactie daadwerkelijk loopt, dus bij hoge druk én hoge temperatuur, 
maar wel met behoud van de atomaire resolutie die haalbaar is in vergelijkbare 
UHV experimenten. 
Een nadeel van het meten bij hoge druk en hoge temperatuur is dat een aantal 
technieken niet gebruikt kan worden (met name technieken die juist onder UHV 
goed werken en die gebruik maken van elektronen en ionen). Een techniek die 
de structuur van een kristal kan bepalen op de atomaire schaal en die geschikt is 
om te meten bij hoge druk, is röntgendiffractie (‘X-Ray Diffraction’ of XRD). 
Door een aantal geometrische en optische ‘trucs’ kan deze techniek zeer 
gevoelig gemaakt worden voor de structuur van het oppervlak van een kristal. 
Men spreekt dan van Oppervlakte röntgendiffractie (‘Surface X-Ray 
Diffraction’ of SXRD). Door een special experimentele opstelling te bouwen die 
deze techniek combineert met een reactor die het gebruik van hoge drukken 
toelaat, hebben wij de structuur van het oppervlak van platina- en 
palladiumkristallen kunnen bestuderen terwijl daarop CO oxidatie plaatsvond. 
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Wij meten daarbij niet alleen de structuur van het oppervlak van de katalysator, 
maar ook hoeveel CO door dat oppervlak wordt omgezet in CO2; met andere 
woorden, hoe goed de katalysator presteert. Hierdoor kunnen wij veranderingen 
op de atomaire schaal in de structuur of samenstelling van het oppervlak direct 
relateren aan de prestaties van de katalysator, en dit met een tijdsresolutie van 
ongeveer 1 seconde. Wij kunnen hierdoor met zekerheid bepalen welke 
atomaire structuren horen bij goed, respectievelijk slecht presterende 
katalysatoren.  
Wij hebben ontdekt dat bij CO oxidatie op zowel platina als palladium er 
minstens twee mogelijke reactiepaden zijn. In het ene geval worden, zoals 
eerder beschreven, CO en O2 geadsorbeerd op het oppervlak, waarbij O2 
gesplitst wordt in twee losse O atomen. Op het oppervlak vinden O en CO 
elkaar, waarbij CO2 gevormd wordt dat vervolgens het oppervlak weer verlaat. 
In een ander proces, dat alleen plaatsvindt als de O2 druk relatief hoog is (en 
tegelijk hoog ten opzichte van de CO druk), vormt het oppervlak eerst een 
atomair dunne laag platina- of palladiumoxide. De CO moleculen die met deze 
oxidelaag in aanraking komen, oxideren vrijwel onmiddellijk allemaal tot CO2. 
Wij hebben als eersten ontdekt dat dit tweede proces vele malen efficiënter (en 
dus sneller) is dan het eerder genoemde proces. Onder lage druk en lage 
temperatuur omstandigheden is dit tweede proces nooit waargenomen, 
aangezien de oxidelaag zich niet kan vormen bij lage temperaturen. Chemici 
hebben zelfs altijd verondersteld dat de vorming van een oxidelaag nadelig 
moest zijn voor de katalytische reactie en hebben resultaten waarin platina- en 
palladiumoxides zijn waargenomen daarom steevast verkeerd geïnterpreteerd. 
Door het meten van de structuur van de oxidelaag tijdens de katalytische 
oxidatie van CO hebben we ook als eersten het effect van de reactie op de 
oxidelaag zelf kunnen onderzoeken. We hebben gevonden dat deze dunne 
oxidelaag verruwt als gevolg van de reactie. Dit bevestigt het scenario dat CO 
de zuurstof voor de oxidatie naar CO2 daadwerkelijk uit de laag platina- of 
palladiumoxide haalt. De lege plek die het verdwenen zuurstofatoom heeft 
achtergelaten in de oxidelaag wordt vervolgens weer aangevuld met behulp van 
een ‘vers’ zuurstofmolecuul uit de gasfase. Daardoor wordt de oxidelaag 
continu ‘omgewoeld’ door de oxidatie van CO. We hebben ook gevonden dat 
deze verruwing de oxidelaag destabiliseert. Hierdoor kan een situatie ontstaan 
waarin een mengsel van zuurstof en koolmonoxide het oppervlak aanvankelijk 
oxideert, maar waarin na verloop van tijd, als gevolg van de verruwing, de 
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oxidelaag spontaan weer verdwijnt: het oppervlak wordt gereduceerdiii. De 
oxidatie van CO kan dan niet meer via het oxide verlopen. De reactie verloopt 
dan niet meer zo efficiënt en omdat de reactie niet meer via het oxide loopt, 
stopt het verruwen. In plaats daarvan ontdoet het oppervlak zich langzaam van 
de eerder opgebouwde ruwheid. Doordat het juist de ruwheid was die de 
oxidelaag destabiliseerde, zorgt het verdwijnen van de ruwheid er voor dat het 
oppervlak op een gegeven moment weer spontaan oxideert, en dat de 
katalytische reactie daarmee juist weer versnelt. Onder bepaalde 
omstandigheden schakelt het oppervlak via dit scenario spontaan heen en weer 
(het oppervlak oscilleert) tussen geoxideerd en gereduceerd, terwijl daarmee 
samenhangend de snelheid van katalytische reactie versnelt en vertraagt. De 
gelijktijdige waarneming van de verandering in de reactiesnelheid én in de 
structuur van het oppervlak is cruciaal geweest voor de ontdekking dat deze 
oscillaties in reactiesnelheid het gevolg zijn van het cyclisch oxideren en 
reduceren van het oppervlak. De zeer nauwkeurige bepaling van de ruwheid 
van het oppervlak met SXRD tijdens de katalytische reactie, heeft bevestigd dat 
de vorming en verwijdering van ruwheid de drijvende kracht van deze spontane 
reactieoscillaties kan zijn. Deze beide inzichten zijn nieuw, en staan grotendeels 
haaks op wat er tot nu toe bekend was in de literatuur over CO oxidatie op 
platina en palladium. 
In dit proefschrift worden achtereenvolgens behandeld: de CO oxidatie op twee 
verschillende oriëntaties van het platina oppervlak (hoofdstukken 2 en 3); CO 
oxidatie op palladium (hoofdstuk 4) en het model voor de ruwheid als drijvende 
motor voor de reactieoscillaties (hoofdstuk 5). 
 
                                                 
iii ‘Reduceren’ is in chemische termen het tegenovergestelde van ‘oxideren’. 
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Summary (laymen’s terms) 
In this thesis I present the results of my research into the working of catalysts. 
Catalysts are, in a general way, all elements that one can add to a chemical 
reaction, which will accelerate a chemical reaction, whilst not being consumed 
themselves by the reaction. The first industrial application of catalysis is nearly 
100 years old. Since then, scientist have found a catalyst for virtually every 
industrialized chemical reaction, in most case by methods of trial and error. In 
the same way, they have found what the best working conditions are for all of 
these catalysts. Despite this knowledge, the true fundamental understanding of 
the catalytic process on the most elementary scale, that of atoms and molecules, 
is often lacking. By understanding the true elementary reaction steps of a 
catalyst we can not only explain why the catalysts performance changes as a 
function of the working conditions, but we can also purposefully design and 
predict the behavior of new and future catalysts. 
By far most catalysts are used in and by the (petro-)chemical industry. A 
catalyst has been developed for virtually every industrialized chemical process. 
But the most common example of a catalyst is probably still the 3-way catalytic 
converter which converts a number of harmful chemicals from the exhaust 
gasses of motor vehicles into less harmful products. This catalyst is composed 
nowadays of very small particles of platinum and palladium which, amongst 
others, catalyze the conversion of carbon monoxide (CO) and oxygen (O2) into 
the less harmful carbon dioxide (CO2). This chemical reaction is not only 
important in the present 3-way catalytic converters, but is also of major 
importance for the protection of the vital part of a fuel cell against CO 
poisoning. Our research has been focused on the most elementary steps of this 
reaction system: CO oxidation on platinum and palladium catalysts. 
The catalytic oxidation of CO is an example of so-called ‘heterogeneous 
catalysis’. This is the name given to catalytic reactions in which the catalyst is 
in another phaseiv than the reactants and reaction products. In heterogeneous 
catalysis, the actual chemical reaction happens at or on the surface of a solid 
(i.e. the catalyst). A typical scenario for the full reaction path from reactant to 
reaction product could be as follows: A single molecule of reactant ‘A’ comes 
into contact with the catalyst, and binds to its surface in a process called 
                                                 
iv By ‘phase’ we mean solid, liquid or gaseous. 
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‘adsorption’. A molecule of type ‘B’ follows a similar path, and also binds to 
the surface. Both molecules encounter each other on the surface, and bind with 
each other, forming the reaction product ‘AB’. This new molecule then is 
released from the surface and returns to the gas phase. This whole process is 
usually described in a single formula which looks like this: 
 
 catalystA B AB+ →  
For the oxidation of carbon monoxide by oxygen on e.g. a platinum catalyst, 
this reaction equation becomes: 
 
 1 2 22
PlatinumCO O CO+ →  
However, this formula is a strong simplification of the full catalytic process. 
For example, the factor ‘½’ in font of the O2 indicates that only one oxygen 
atoms out of the two forming an oxygen molecule is necessary for the oxidation 
of one CO molecule. To have such a separate oxygen atom, the oxygen 
molecule needs to dissociate into two separate oxygen atoms upon adsorption 
onto the catalyst surface. The formula does not describe this process anywhere. 
Also the exact way in which an oxygen atom and CO molecule actually ‘find’ 
each other on the surface is not described here. It is however these elementary 
steps of the reaction on the atomic level of that need to be understood in order 
fully understand the working of a catalyst. Already more than 40 years 
scientists from the field of ‘surface science’ have been trying to unravel all 
these elementary steps of the interaction of gasses with solid surfaces. This 
particular area of surface science is also commonly called ‘surface chemistry’v.  
To be able to follow processes like adsorption and desorption on an atomic 
level, these scientists have developed techniques to study the interaction 
between gasses and solid surface under the most ideal conditions. Virtually 
perfect crystalline surfaces of extremely pure metals are exposed to very 
accurately dosed amounts of gas molecules. To prevent any contamination, 
these experiments are performed in Ultra High Vacuum (UHV). The 
                                                 
v One of the pioneers of surface chemistry, Gerhard Ertl, has been awarded the 2007 
Nobel Prize for chemistry for his contribution to the understanding of chemical 
reactions at solid surfaces. 
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disadvantage though of using UHV is that, when performing experiments at 
elevated temperature (i.e. the reaction temperature) only very a very small 
fraction of the catalyst surface is covered with the reactant molecules, because 
of the very low surrounding pressure; this is in contrast with the surface of a 
real-life catalyst working at atmospheric pressures, which is completely covered 
by adsorbed molecules, even at elevated temperatures. To counteract this 
difference in coverage, UHV experiments are often performed at very low 
temperatures. The reaction rate of a chemical reaction is almost always 
dependent on temperature, and in many cases also on pressure. Performing 
experiments under low-pressure and low-temperature conditions will inevitably 
lead to a reaction rate for the catalyzed reaction of 0.  
This is obviously a shortcoming when aiming at understanding the elementary 
steps of a chemical reaction. What actually happens on the surface of a catalyst 
during the actual catalytic reaction is obviously not necessarily the same as 
what is observed in UHV and low-temperature experiments. To be able to 
determine with certainty what actually happens during the reaction, one has to 
look at the surface while the reaction is running, i.e. under high pressure and 
high temperature conditions. To compare the results of such experiments with 
previous results, one needs to retain the high level of detail achievable under 
UHV. 
One drawback of measuring under high pressure and high temperature 
conditions is that not many techniques are suited for measuring under these 
conditions. Especially techniques that make use of electrons and ions to 
measure surface properties are limited to UHV conditions. A technique which is 
suited for determining the atomic structure of a crystalline sample and which 
can operate under elevated pressure conditions is X-Ray Diffraction (XRD). By 
the use of some optical and geometrical ‘tricks’, this technique can be made 
very sensitive to the structure of the surface of a crystal. This is commonly 
referred to as Surface X-Ray Diffraction (SXRD). By designing a dedicated 
setup which combines this technique with a reactor that can operate at elevated 
pressures (up to approximately 5 bar), we have been able to study the surface 
structure of platinum and palladium crystals while CO oxidation was taking 
place. In these experiments we not only measure the structure of the surface of 
the catalyst, we also monitor the amount of CO which is being converted into 
CO2. This directly shows how well the catalyst is performing. In essence, we 
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can perform SXRD under operating conditions, and while the catalyst is actually 
working: Operando SXRD. 
With this technique we can directly link the structure and composition of the 
surface of the catalyst, on the atomic level, with the performance of the catalyst. 
And we can do so with a time resolution in the order of seconds. This gives us 
the unique opportunity to determine with a certainty which structure leads to a 
good, and respectively badly performing catalyst. 
We have discovered that the catalytic CO oxidation on both platinum and 
palladium can follow at least two distinctly different pathways. In the first one, 
as described earlier, the CO and O2 are adsorbed onto the catalyst surface; a 
process during which O2 is split into two separate O atoms. On the metal 
surface, CO molecules and O atoms find each other, and form CO2. In a 
different process, which only occurs when the O2 pressure is high enough (and 
high with respect to the CO pressure), the surface forms an atomically thin layer 
of platinum- or palladium oxide. All CO molecule which then come into contact 
with that oxide layer, readily react to CO2. We were the firsts to discover that 
this second process is much more efficient than the first one, and produces CO2 
at rates up to 20 times faster than observed on the metallic surface. Under low 
pressure and temperature conditions, this second process is never observed, 
since the oxide layer cannot form at low temperatures. Chemists have even 
always assumed that an oxide layer could not lead to an improvement in the 
reaction rate, and have for a long time misinterpreted results in which platinum- 
palladium oxide had been observed.  
By measuring the structure of the oxide layer during the catalytic oxidation of 
CO, we have for the first time been able to observe the effect the reaction has 
on the oxide layer itself. We have found that these ultra-thin oxide layers 
roughen as a result of the reaction. This confirms a scenario in which a CO 
molecule is oxidized by taking an oxygen atom from the oxide layer. The empty 
places left behind in the oxide layer (the oxygen vacancies) due to the CO 
oxidation, are then replenished by fresh oxygen molecules from the gas phase. 
Due to this specific process for CO oxidation, the oxide layer is continuously 
roughened by the catalytic reaction. We have also found that the roughening of 
the oxide layer destabilizes the oxide. Because of this destabilization, a surface 
can originally oxidize in a certain mixture of CO and O2. But after a while, due 
to the roughening, the oxide layer can seem to ‘spontaneously’ disappear: the 
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surface is reducedvi. The oxidation of CO can than no longer run through this 
very efficient path involving the oxide layer. The reaction will run via the 
adsorption of gases on the metallic surface, and hence slow down.  
Because the reaction now does not run via the oxide any more, the roughening 
process will stop, and the surface will slowly rid itself of the roughness. Since it 
was this roughness that destabilized the oxide layer, removing the roughness (or 
smoothening) will cause the surface to spontaneously re-oxidize. The reaction 
will again accelerate, and the roughening process will start again. Under 
specific circumstances, the surface (and catalyst) can start to apparently 
‘spontaneously’ switch (or oscillate) from oxidized to metallic and back again. 
This oscillation is accompanied by an oscillation in the reaction rate. The 
simultaneous observation of the change in both surface structure and reaction 
rate has been crucial for discovering that the oscillations correspond to a cyclic 
oxidation and reduction of the catalyst surface. The very accurate determination 
of the roughness of the surface by SXRD during catalytic CO oxidation has 
confirmed that the creation and removal of roughness is one of the drivers for 
these spontaneous reaction oscillations.  
The increased reaction rate on the oxidized surface and the link between the 
roughness and the oscillations, are both novel observations, which are in a large 
part in contradiction to what was commonly found in literature for CO 
oxidation on platinum and palladium. 
In this thesis I discuss the following subjects (in order of appearance): the 
oxidation of CO on two different orientation of the platinum surface (chapters 2 
and 3); CO oxidation on palladium (chapter 4), and a model for the roughness 
as a motor for reaction oscillations (chapter 5).  
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The End… 
